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Reduced surface discharge negatively influences freshwater fish populations. Under the 
current flow regime management, the lower Cardrona River has experienced annual low flow 
events over the summer months. This low flow period has potential impacts on the wellbeing 
of the brown and rainbow trout populations in the river, as out-migrating juveniles may become 
stranded and subsequently experience high mortality rate during summer low flow. To 
estimate the impact of summer low flow on juvenile trout out-migration and to investigate how 
food availability and water temperature drive out-migration, brown and rainbow trout were 
sampled at three sites in the upper, middle and lower reaches of the Cardrona River, Central 
Otago, New Zealand in November 2016, January 2017 and April 2017; before, during and 
after a low flow event.  
 
The density of juvenile trout was estimated at three sampling locations along the Cardrona 
River via single pass electric fishing. The results suggest juvenile trout were restricted at the 
lower reach site due to a surface disconnection in January. Furthermore, the discrepancies 
between observed total biomass and biomass predicted by a temperature-based 
bioenergetics model based on empirical data indicate energetic constraints may drive juvenile 
downstream movement from the upper site to the lower reach site from January.  
 
Trout growth rates in response to water temperatures were estimated using a bioenergetics 
model. The model outcomes suggest the water temperature at the upper reach site was the 
least suitable for trout growth while the middle site was the most suitable. The water 
temperature at the lower site increased dramatically over the summer months during flow 
reduction, which rendered the site unsuitable for trout growth and indicated likely mortality. 
Food availability in the form of invertebrate drift and trout daily consumption were estimated 
and compared. The results indicate ample food supply at the middle reach site and limited 
food availability at the upper site relative to trout energy consumption. The lower site 
experienced a sharp increase in energy production in January followed by a dramatic 
decrease in April. This study identifies water temperature and food availability as two potential 
drivers that initiate trout out-migration. However, additional sampling efforts in late autumn to 
early winter at all sampling sites are necessary to advance the understanding of trout 
population dynamics in the Cardrona River. In terms of water management, this study 
emphasizes the importance of continuous flow to trout movement over summer. A revised 
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Freshwater is vital to the well-being of human society; however, degradation of freshwater 
ecosystems resulting from human activities is often overlooked. In the past decades, the social-
economic values of intact freshwater ecosystems are being increasingly discussed and the 
significance of healthy freshwater ecosystems to society has been well recognized (Baron et al., 
2002). Freshwater resource managers are challenged to provide reliable and affordable water 
supplies to the expanding human populations whilst minimizing impacts on aquatic ecosystems.  
 
Low flow events directly or indirectly influence all aspects of biotic communities, including both 
fish and invertebrates (Poff et al, 1997, Baron et al, 2002). Low flow events led to declines in 
surface flow and desiccation of river beds (Extence, 1981). Furthermore, as flow decreases, 
physical features of the rivers such as wetted width, depth and mean flow velocity decrease in 
accordance (Kraft, 1972, Dewson et al., 2007). Freshwater fish communities often show 
consistent negative responses to reduced flow as measured by abundance, population 
demographic parameters or the diversity of assemblages (Poff & Zimmerman, 2010). Increased 
water temperature and low dissolved oxygen concentrations that result from flow reduction are 
detrimental to freshwater fish (Poff & Zimmerman, 2010). For instance, almost the entirety of 
native freshwater fish species in southwestern, U.S., are classified as threatened due to artificial 
water withdrawal and flow stabilization (Minckley & Deacon, 1991). 
 
The integrity of freshwater ecosystems depends upon the adequate quantity, quality, timing and 
temporal variability of water flow (Baron et al, 2002). Naturally variable flows create and maintain 
physical habitats, provide energy sources, regulate water quality and biotic interactions (Poff et 
al, 1997). However, land-use practices such as timber harvest, livestock grazing, agriculture and 
urbanization often disrupt the natural flow regime (Poff et al, 1997). These human activities can 
lead to reduction in water retention in watersheds and therefore increase the frequency and 
magnitude of floods as well as lower discharge over dry seasons, and are also often associated 








1.2 Minimum flow regulation 
 
Excessive abstraction is the major cause of low flow events in New Zealand (Gluckman, 2017). 
According to Gluckman (2017), 81 % of the allocated water in New Zealand is used in agriculture, 
most of which is allocated to irrigation. The Otago and the Canterbury regions have the largest 
areas of irrigated lands in the country, with 429,00 ha irrigated land in Canterbury and 102,000 
ha in Otago (Gluckman, 2017). Large areas of irrigated land in these regions lead to high water 
demand and results in full- or over-allocation of water resources (Gluckman, 2017). In response 
to increasing constraints on water availability, especially over the summer when the water 
demand for irrigation water is high, resource managers in NZ have begun to establish minimum 
flow regimes in several catchments across the country in order to maintain discharge in rivers 
that are sufficient to maintain life-supporting capacity for aquatic ecosystems and rivers natural 
characters (ORC, 2016, Gluckman, 2017). The development of minimum flows is set on a case-
by-case basis and aims to balance between meeting community water demands and 
maintaining natural characters of freshwater ecosystem (ORC, 2016). There are five catchments 
currently undergoing minimum flow development and establishment in the Otago region 
including; Lindis, Waikouaiti, Benger Burn, Cardrona and Arrow. With the Lindis River 
approaching the end of minimum flow development process, the Cardrona River is next in line 
(ORC, 2016).  
 
1.3 The Cardrona River 
 
The Cardrona River has a total catchment area of 337 km² (ORC, 2007, Olsen, 2016). The river 
flows 32 km northeast down the Cardrona valley and drains to the Clutha River/Mata-Au (ORC, 
2007), the largest catchment in the Otago region that carries the largest quantity of water each 
year among NZ rivers (ORC, 2016). The Cardrona River is one of the most important tributaries 
of the Clutha catchment alongside Lindis, Shotover, Nevis, Fraser, Manuherikia and Teviot River 
(ORC, 2016). Despite the presence of large water volumes in the region, some parts of Otago 
are considered the driest in the country, especially the Central Otago sub-region. The Central 
Otago region, in which much of the Upper Clutha catchment as well as the entire Cardrona 
catchment is located, contains large areas of semi-arid lands and has the lowest average annual 
rainfall in NZ (ORC, 2016).  
 
The Cardrona River is a major water source for the Wanaka Basin irrigation schemes with large 
volumes of water taken for agricultural purposes at The Larches (ORC, 2007). Several ORC 
reports pointed out that agricultural use of the Cardrona water has been causing dramatic 
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alterations in the hydrology of the river, especially in the lower catchment downstream of The 
Larches (ORC, 2007, Dale & Rekker 2011, ORC, 2013, Olsen, 2016). Severe rainfall deficits 
occur during summer months at the lower Cardrona catchment, during which time total rainfall 
ranges from 50-100mm and potential evapotranspiration ranges 206-210mm (Dale & Rekker, 
2011) which results in high demand for irrigation water over the summer (ORC, 2007, Dale & 
Rekker 2011, Olsen, 2016). Furthermore, the catchment between The Larches and the State 
Highway 6 (SH6) was identified as a losing reach due to continued loss of surface water to 
groundwater via gravels (Dale & Rekker, 2011). The cumulative effect of extensive irrigation 
takes, reduced moisture and loss of surface water to groundwater at the lower catchment leads 
to low discharge and/or drought events downstream of The Larches during the irrigation season 
(ORC, 2007). A low flow event was observed in January 2017 in the lower catchment. Pictures 
are shown below (Figure 1.1).  
 
Both native and introduced freshwater fish species inhabit the river, giving the Cardrona 
significant conservation and recreational values. Several native freshwater species including 
koaro Galaxias brevipinnis, upland bully Gobiomorphus breviceps, Clutha flathead galaxias 
“species D” and longfin eel Anguilla dieffenbachii are found in the Cardrona catchment (Dale & 
Rekker, 2011). Introduced species including brown trout Salmo trutta and rainbow trout 
Oncorhynchus mykiss are present in abundance, with both highly prized for their angling values. 
The Cardrona catchment is regarded as an important spawning location for both brown and 
rainbow trout, and potentially provides a significant source of recruits to the nationally important 
upper Clutha and Lake Dunstan fisheries (Olsen, 2016).  
 
1.4 Recent developments in the Cardrona catchment 
 
Mining privileges (or deemed permits) are currently in effect in the Cardrona catchment, and 
result from past mining legislation that permits taking, damming and discharging of surface water 
(ORC, 2016). Mining privileges are not subjected to minimum flow regulation (ORC, 2016) 
therefore it is currently legal to take water at the rate of 1.278 m³/s via four major water races at 
The Larches which is thought to be responsible for seasonal dewatering of the lower Cardrona 
catchment (ORC, 2011, Dale & Rekker, 2011, Olsen, 2016). The ORC (Otago Regional Council) 
considers the presence of mining privileges an issue of regional water management due to the 
large number that have been granted and that are still in effect (ORC, 2016). However, all mining 
privileges are due to expire on 1st October 2021 (ORC, 2016) after which the water resource 
management will be transitioned to the Resource Management Act (RMA) under which minimum 
flow regulations will apply. This requires the ORC and the Cardrona water users to negotiate 
and develop a new water management plan for the catchment. 
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The drafting of a minimum flow plan for the Cardrona began in 2010. At the present, the ORC 
has completed values identification and hydrological assessment of the river. Three minimum 
flow plans were proposed and discussed at two public meetings on 11st June 2013 and 27th June 
2013, attended by ORC staff and community members during which feedback was collected. 
Community feedback will be used for further development of the water management plan which 
will be discussed again in the next community meeting. 
 
 
Figure 1.1 Pictures shown a reduction in surface flow at the lower Cardrona just upstream of 
Ballantyne Road bridge. The top picture is taken on 22nd November 2016 and the bottom picture 
is taken on 10th January 2017 during summer low flow. The main stem can be seen in the 





1.5 Brown trout Salmo trutta and rainbow trout Oncorhynchus mykiss  
 
Brown trout Salmo trutta and rainbow trout Oncorhynchus mykiss are the members of the Family 
Salmonidae. Brown trout were initially brought to New Zealand in the late 1860s from introduced 
stocks that had been established in Tasmania. After several subsequent introductions, it has 
become the most common introduced freshwater fish species in New Zealand (McDowall, 1990). 
Rainbow trout were introduced in the late 1800s from North American stocks. Although the initial 
introduction was not successful, it has now established self-sustaining populations throughout 
New Zealand, especially in North Island (McDowall, 1990, Smith, 2014). Rainbow trout are more 
successful in lakes in comparison to the rivers, especially in the lakes of the central North Island 
(McDowall, 1990). Both species have been naturalized to NZ waters and are considered to be 
valued recreational species that support NZ freshwater fisheries (Smith, 2014). 
 
The populations of both brown and rainbow trout comprise residents and migrants. Residents 
remain in freshwater throughout lifespan while migrants move downstream to river, lake or the 
ocean as their growth and later travel back to their birthplace to spawn (Dodson et al, 2013). 
Both freshwater and sea-run brown trout are found in NZ. Sea-run brown trout migrate to the 
ocean (some may reside in estuaries) and return to spawn in freshwater (McDowall, 1990). 
Rainbow trout do not migrate to the ocean in NZ, instead juveniles either reside in their birth 
stream throughout their lifespan or migrate to large lakes or rivers where they reach adulthood 
(McDowall, 1990). During spawning season, adult rainbow trout move upstream from lakes or 
rivers to the tributaries to spawn (McDowall, 1990). Brown trout spawn from austral summer to 
autumn and peak in May and June while rainbow trout spawn from the late autumn to the winter 
and peak in June and July (McDowall, 1990, Smith, 2014). Spawning migration of both species 
is believed to be triggered by floods (McDowall, 1990). 
 
Spawning of brown trout and rainbow trout are very similar (McDowall, 1990). Both species 
spawn in gravelly headwater streams (Smith, 2015) where spawning females lay eggs in redds 
and then excavate eggs in gravel or suitable substrate particles (Burner, 1951, Workman et al., 
2004. Taylor & Burdon 2010). Egg incubation period may take about 4-6 weeks (McDowall, 1990) 
and is determined by water temperature (Leonard, 1963) and hydrology (Fausch et al., 2001. 
Nicola & Almodovar, 2009). After hatching, larvae/juveniles stay in the redd for weeks before 






1.6 Invertebrate drift 
 
Invertebrate drift is a fundamental feature of lotic environments (Naman et al., 2016). It allows 
downstream dispersal and colonization of benthic invertebrates via running water, thus strongly 
influences aquatic invertebrate community structure and composition (Hansen & Closs, 2007). 
Invertebrate drift is crucial to drift-feeding fish such as Salmonidae as it enables downstream 
transport of energy (Brittain & Eikeland, 1988). Both juvenile brown trout and rainbow trout feed 
primarily on aquatic and terrestrial invertebrates in the drift (McDowall, 1990, Li et al. 2016). 
Therefore, macroinvertebrate drift density has the potential to impact drift-feeding bioenergetics 
and alter trout growth rates (Shearer & Hayes, 2011, Hayes et al., 2012). 
 
Invertebrate drift density is greatly influenced by low flow; however, the effect can be either 
positive or negative. On one hand, benthic invertebrates may actively enter the flow on 
decreasing flow to escape desiccation (see Hayes & Young 2001’s review) which can result in 
a temporal increase in drift density. On the other hand, prolonged exposure to environmental 
stresses associated with low flow, such as reduced water velocity, high water temperature, 
siltation, periphyton proliferation and reduction of habitat area, can lead to high mortality in an 
invertebrate community (Quinn, Steele & Vickers, 1994, Collier, 1995, Hayes & Young, 2001) 
and thus reduce drift density. During low flow, lower water velocity and increased organic matter 
favour slow- or still-water invertebrates over fast-water invertebrates, resulting in a shift in 
dominance from fast-water to slow- or still-water taxa (Wood & Petts, 1999, Wright & Berrie, 
1987). Canton et al. 1984 reported adverse impacts of low flow on the abundance of flow-
dependent mayfly nymph Ephemeroptera while the relationship between the abundance of slow-
water invertebrates and low flow appears to be positively. High water temperature can directly 
cause mortality in temperature-sensitive invertebrate taxa and lead to reduced abundance of 
these taxa (Quinn & Hickey, 1990, Quinn, Steele & Vickers, 1994). Last but not least, Hansen 
& Closs (2007) pointed out that the total invertebrate drift density is proportional to riffle area 





This study, with the assistance from Fish & Game Otago, aimed to estimate the effect of summer 
minimum flow on the abundance and growth of brown trout Salmo trutta and rainbow trout 
Oncorhynchus mykiss in the Cardrona River. The core theory around which this study was 
centered is that the optimum temperature at which trout reach maximum growth rate is 
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determined by the amount of food intake (Elliot, 1975, Elliot, 1976). When the growth rate is 
reduced due to temperature and/or food limitation, trout will out-migrate to seek more favorable 
habitats (Shearer & Hayes, 2011). In the Cardrona River, food supply for juvenile trout in the 
form of macroinvertebrate drift is hypothesized to decrease with discharge which will eventually 
result in out-migration.  
 
In this study, water temperature and food availability were treated as the primary limiting factors 
for trout growth. Daily water temperatures were used to predict trout growth rate under maximum 
energy consumption and invertebrates from drift and trout stomach were collected and 
examined in order to gain a comprehensive understanding of the relationship between food 
availability and trout energy consumption in response to flow reduction. The ultimate goal of this 
study is to provide information that will support the minimum flow setting process in the Cardrona 
catchment. Furthermore, the results of this thesis will have implications for the future minimum 
flow setting processes in the Otago region. This thesis was written in four independent chapters, 
intended for publication. Due to this, readers will notice some overlapping content. 
 
Chapter 2 provides information on the relative abundance and fork length of trout in the Cardrona 
River and presents general descriptions of the abiotic conditions of the Cardrona River during 
the study period, including flow discharge, water temperature regimes and a rough habitat 
assessment of study sites in January 2017. This chapter discusses the effect of low flow on trout 
abundance and physical features of the Cardrona River. 
 
Chapter 3 discusses trout growth rate at three sampling sites in the Cardrona River using water 
temperature as the only limiting factor, to examine how predicted growth compare with observed 
growth (assumed unlimited food supply) across three sites using a temperature-based 
bioenergetics model and aims to determine whether there is any evidence for juvenile trout 
movement between sites. This chapter also investigates the density and composition of 
macroinvertebrate drift before, during and after summer low flow in order to determine whether 
food limitation plays a role in driving trout movement by comparing energy availability from 
invertebrate drift with the estimated trout daily energy requirements using a bioenergetic 
modeling approach. 
 







Chapter 2 Juvenile brown trout Salmo trutta and rainbow 





In order to assess the effect of summer low flow on the trout population in the Cardrona River, 
238 brown trout Salmo trutta and 102 rainbow trout Oncorhynchus mykiss were collected using 
one-pass electrofishing at three sampling sites along the river on three occasions; November 
2016, January 2017 and April 2017. Relative abundance of trout was presented in the form of 
number of individuals per 100 m2. Overall, Site #3 (most upstream) had the highest trout 
abundance while Site #1 (most downstream) had the lowest. However, trout abundance 
increased greatly in January 2017 at Site #1 possibly due to downstream migration from 
upstream and a surface flow disconnection that restricted the movement of out-migrating 
juveniles. It should be noted that fish mortality and electrofishing effectiveness may influence 
density estimates. Two-way ANOVA indicated a significant difference in fork length (FL) of both 
species among sites and occasions. Similar brown trout abundance at Site #1 and #2 suggest 
possible residence at these sites over the study period. Reduced trout abundance from January 
2017 to April 2017 at Site #3 suggest potential brown trout out-migration at Site #3 between 
January and April. Furthermore, rainbow trout potentially out-migrated from Site #1 and Site #3 
between January 2017 and April 2017 while at Site #2, juveniles were possibly residents. 
Potential drivers of these patterns were unsuitable water temperatures and restriction in food 
resources. It is possible that juveniles did not out-migrate from more productive Site #1 and Site 
#2 however, at cold, low-productivity Site #3, conditions may not have been sufficient to satisfy 
the energy requirement for the growth of larger trout therefore resulting in downstream migration 
of larger individuals. Last but not least, high trout abundance at Site #3 may cause scramble 
competition that can reduce the benefit of body size in resource competition and thus further 











2.2.1 Effect of low discharge on trout 
 
Low surface flow adversely affects juvenile salmonid populations in lotic freshwater systems 
(Campbell & Scott, 1984, Nicloa, Almodovar & Elvira 2009). Reduced flow leads to elevated 
water temperature, low dissolved oxygen, decreased physical habitat area and reduction in 
invertebrate food supply which negatively affects trout growth and survival (as reviewed by 
Hayes & Young 2001). Salmonid species, such as trout, are particularly vulnerable to high water 
temperature, which interacts with low dissolved oxygen, contributing to the majority of trout 
mortality during summer low flow periods (Elliott, 2000; Dean & Richardson, 1999, Miura et al., 
2013). In addition, a decline in discharge reduces the area of riffles and runs that can force trout 
into warm and overcrowded pools that are unable to support healthy populations (Hynes, 1958; 
Larimore et al., 1959). Last but not least, water temperature directly reduces the dissolved 
oxygen level (Baron et al., 2002), potentially resulting in fish suffocation (Hayes & Young, 2001).  
  
2.2.2 Brown trout and rainbow trout in the Cardrona River 
 
Brown trout Salmo trutta and rainbow trout Oncorhynchus mykiss belong to family Salmonidae. 
Their introduction to New Zealand commenced in the 1860s and they have now established self-
sustaining populations in NZ freshwater systems throughout the country (McDowall, 1990). Both 
brown trout, Salmo trutta and rainbow trout, Oncorhynchus mykiss inhabit the Cardrona River 
(Figure 2.1). Brown trout were reported to be the dominant Salmonidae in the Cardrona 
catchment, occupying the river main stem and tributaries while rainbow trout were mostly 
restricted to the main stem (Olsen, 2016). Most of the river catchment not only provides suitable 
habitats for juvenile trout but also supports a large number of spawning adults that migrate from 
the upper Clutha and Lake Dunstan (Dale & Rekker, 2011). During the study, one spawning 
rainbow trout was seen at the upper Cardrona catchment in late-October 2016 and at least two 
spawning brown trout were spotted at the lower- or mid- catchment in April 2017.  
 
Due to the annual occurrence of low flow over the summer months resulting from extensive 
water abstraction, concerns regarding the wellbeing of trout populations in the Cardrona are 
growing. Brown trout and rainbow trout are very vulnerable to high water temperatures in the 
lower Cardrona in summer (Olsen, 2016). Olsen (2016) reported that water temperature before 
surface flow cessation at the lower Cardrona exceeded thermal criteria for both brown trout and 
rainbow trout in January 2016. Furthermore, field surveys have indicated that juvenile rainbow 
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trout progressively leave the Cardrona River over the summer months, during which 
disconnections in surface flow caused by low flow may block critical corridors for juvenile out-
migration (Dale & Rekker, 2011). During summer low flow periods, out-migrating juveniles have 
been seen stranded in drying reaches along the lower catchment and have also died from 
overheating which has caused concern that these losses may damage trout recruitment across 




This chapter aims to investigate shifts in juvenile brown and rainbow trout abundance and fork 
length in response to summer low flows in the Cardrona River by comparing trout abundance 
and mean fork length between three sites along the river main stem (Site #1, Site #2 and Site 
#3) and three months (November 2016, January 2017 and April 2017). Juvenile trout were 
collected via electric fishing. Furthermore, in order to assess the changes in the physical features 
of the river in response to summer low flow, surface flow discharge, flow velocity and water 
temperature are also assessed. In addition, trout habitat assessment was conducted at all 




Figure 2.1. Picture of a 0+ rainbow trout Oncorhynchus mykiss (top) and a 0+ brown trout Salmo 
trutta (bottom) caught by electrofishing at Site #2 on 26th April 2017. Note the dense black dots 






2.3.1 Sampling sites 
 
Three sampling sites (Figure 2.2) were chosen to represent different types of land-use and flow 
regimes in the Cardrona River. Accessibility was also considered when choosing sites. All three 
sites were mostly wadable, accessible and located close to a roadway. The first site (Site #1) 
was located upstream of the Ballantyne Road bridge (E1295804, N5041297), about 3 km from 
Wanaka township. This section of the river has been experiencing extreme summer low flow 
periods, with dewatered sections forming in recent years due to the combined effects of low 
rainfall, surface water loss to ground water and high irrigation take (ORC, 2007). According to 
Dale & Rekker (2011), the Cardrona near Ballantyne bridge can be unsuitable for brown and 
rainbow trout at times. The second site (Site #2) was positioned near a permanent flow 
monitoring station maintained by the Otago Regional Council near “The Larches” (E1292816, 
N5037455), approximately 3 km upstream from the first site. This section of the Cardrona is 
subjected to the largest water abstraction in the catchment with a potential take of 1.278 m3/s 
during the irrigation season (ORC, 2014). Despite large volumes of water take, the Cardrona 
River at The Larches has a greater minimum, maximum and mean flow than the lower Cardrona 
at Ballantyne and is not subjected to drought during the irrigation season (Dale & Rekker, 2011, 
Olsen, 2016). The third site (Site #3) was located in the upper catchment near the Rodies Gully 
(E1282070, N5018145), about 22 km upstream from the second site. This part of the catchment 
is dominated by tussock and low productivity grassland and is subjected to relatively low level 
of or no abstractions. The ORC estimated that a total of 1.13 m3/s irrigation takes occurs 
upstream of The Larches including main stem and tributaries (Dale & Rekker, 2011). However, 





Figure 2.2 A topographic map of the Cardrona catchment, three black spots indicate the three 
sampling sites along the Cardrona River (retrieved from https://www.topomap.co.nz/).  
 
2.3.2 Sampling dates and river discharge 
 
Overall four field trips were conducted over the study period from October 2016 to April 2017. 
The preliminary field trip occurred between 26th October 2016 and 27th October 2016 to identify 
three suitable sampling sites for electrofishing and place temperature loggers. Grid references 
of the chosen locations were recorded using a hand-held GPS in NZTM2000 format (New 
Zealand Transverse Mercator 2000). Trout sampling was conducted on three occasions from 
November 2016 to April 2017. The first trip commenced between 22nd to 23rd November 2016 
during normal flow. The second trip took place from 11th to 12th January 2017 during summer 
low flow. The third trip was completed between 26th and 27th April 2017 during a period of 
declining flow. Over the study period, discharge at the first site dropped dramatically over the 
summer, however extreme low flow (drought) did not occur as expected in January due to 
increased sustained rainfall over the catchment through the irrigation season, but disconnection 
in the river main stem occurred just below Site #1 in January 2017. However, overnight heavy 
rainfall from 26th January to 27th January reconnected the river. The river flowed continuously at 






2.3.3 Discharge data 
 
Discharge data from November 2016 to April 2017 was obtained through a public request to the 
Otago Regional Council (ORC). The flow data were recorded in cumecs (m3/s) by a permanent 
surface water monitoring station at Mt Baker located near the second sampling site at the 
Larches. Furthermore, 7-day and 180-day discharge data are displayed on ORC websites and 
updated hourly (http://water.orc.govt.nz/WaterInfo/Site.aspx?s=Barker). These data were used 
to decide on the timing of each field trip.  
 
2.3.4 Single-pass electrofishing 
 
Brown trout and rainbow trout were sampled using single-pass electrofishing on three monthly 
occasions from 22nd to 23rd November 2016, 10th to 11th January 2017 and 26th and 27th April 
2017 across three sampling sites along the Cardrona River at daytime. Single-pass 
electrofishing generally provides a full representation of common fish species in the study area 
and provides a minimum estimate of density by the number of individuals per unit area (Lake, 
2013). Initially, multiple-pass electrofishing was considered, however due to high discharge at 
Site #2 throughout the study period and limited resources, it was not implemented. Electrofishing 
was performed by at least three field workers using a battery powered Smith-Root LR-24 
backpack electro-fisher provided by the Fish & Game, Otago. One worker operated the electro-
fisher whilst assistants held nets just downstream of the operator, collecting stunned fish and 
then placing them in buckets for anesthesia. No stop net was used in electrofishing. 
 
Brown trout and rainbow trout caught were recorded and kept separate. All trout caught in 
January and April were measured for fork length (FL, nearest 0.1 mm) and live weight (nearest 
0.1 g) on site. However, in November, due to the low sensitivity of the field scale used, 0+ 
juveniles were not measured on site. Instead, these fish were euthanized with an overdose of 
Aqui-S and then preserved in ethanol before measurement. Salmonid live length does not differ 
significantly from preserved length (Shields & Carlson, 1996), therefore, preserved length was 
treated as being equivalent to live length.  
 
Identification of live trout was based on body and tail fin coloration (McDowall, 1990). 
Identification of preserved trout sampled in November was based on the number of parr marks 
and dorsal fin rays; juvenile brown trout has 12-14 dorsal fin rays, 8-10 parr marks while juvenile 





2.3.5 Temperature loggers 
 
The water temperature regime was recorded at three sampling sites. Three HOBO Pendant 
temperature loggers (#UA-002-64) were deployed at three sampling sites along the Cardrona 
River from 27th October 2016 to 26th April 2017. Each logger was housed in a section of a PVC 
pipe and chained to a metal stake to prevent gravel from damaging the loggers (Figure 2.3). The 
stakes were hammered deep into river bed close to the river bank to allow loggers to withstand 
high flows. The temperature data were exported to a laptop via HOBO-ware after completing 
field work at each sampling site from November 2016 to April 2017. Loggers recorded water 
temperatures in degree Celsius (°C) at hourly intervals. Temperature records were later 
condensed to daily means for bioenergetic modelling (Hayes, 2013). 
 
 
Figure 2.3 The picture shows a temperature logger deployed at the third sampling site of the 
Cardrona on 27th October 2016. The black circle indicates the PVC housing used to protect 
logger.  
 
2.3.6 Water velocity 
 
Water velocities were measured to the nearest 0.01 m/s with a Marsh-McBirney Flow-Mate 
(model 2000) at four locations at each sampling site during each sampling occasion. The 
measurements were taken at daytime after electrofishing and around 1 hour after sunset at the 






2.3.7 Habitat Assessment 
 
Habitat assessment was completed at three sampling sites between 10th January 2017 and 11th 
January 2017 during summer low flow (table 1.1), to provide a semi-quantitative assessment of 
the physical features of three electric-fished reaches. The assessed features included 
mesohabitat types, water depth (m) and substrate types. Visual assessment was carried out by 
one field worker to identify mesohabitat type. Water depth was estimated with a ruler or a metric 
standard wading rod to the nearest 0.1m. Substrate types were categorized into fine sediment 
(<2mm), gravel (2-32mm), large gravel (32-64mm), small cobble (64-128mm), large cobble 






























2.4 Data Analysis 
 
2.4.1 Two-way ANOVA 
 
To assess the difference in abiotic conditions at three sampling sites over the study period, water 
temperature and velocity were analyzed with two separate two-way ANOVAs (or two-factor 
analysis of variance) performed in R (version x64 3.4.1). For both analyses, three sampling sites 
(Site #1, Site #2, Site #3) and three sampling occasions (November 2016, January 2017, April 
2017) were treated as two independent categorical predictor variables. Exploratory data analysis 
and Levene’s test were also performed to examine normality and homogeneity of variances of 
the data set (Quinn & Keough 2002). 
 
Furthermore, comparisons between mean trout fork length were performed with a two-way 
ANOVA. Sampling sites and occasions were treated as two independent categorical predictor 
variables. Each factor had 3 groups; three sampling sites (Site #1, Site #2, Site #3) and three 
occasions (November 2016, January 2017, April 2017). Trout fork length was treated as a 
continuous response variable. Exploratory data analysis and Levene’s test were performed 
(Quinn & Keough 2002). Very small brown and rainbow trout were difficult to confidently identify, 
hence 23 unidentified trout collected in November 2016 were excluded from the analysis. 
 
2.4.2 Estimate trout density 
 
Trout density is estimated by dividing the total number of trout caught via single-pass 
electrofishing by the area of the electric-fished reach. This method provides a relative estimate 
of trout density, as without stop nets and multiple passes, the number of trout escaped or were 
missed during single-pass electrofishing is unclear. The area of electro-fished reach (m2) was 
calculated by multiplying the length of the electro-fished reach (m) by the average width of 
sampled reach (m). At each of the three study sites, the start point and end point of the reach 
were marked and measured for length with a 50m tapeline (to the nearest 1m). The width at 
start, middle and end points of the electro-fished reaches were measured with a tapeline (to the 
nearest 1m) and then averaged to estimate the mean width of the reach.  
 
CPUE (catch-per-unit-effort) was defined as the number of trout per 100 m2 and was calculated 
by dividing the total number of trout captured by the estimated area of electro-fished reaches at 






2.5.1 Flow discharge 
 
Surface flow (cumecs) at Site #2 is presented in the figure below. According to ORC’s estimate, 
the median flow at this site is 1.95 cumecs (red dashed line) which means discharge from 
January to April 2017 were mostly below the median level. Several flash floods occurred over 




Figure 2.4 Daily mean discharge at Site #2 near the larches from 1st November 2016 to 30th 
April 2017. Flow data were collected by an ORC flow monitoring station. The red dashed line 
represents the median discharge of this section of the river. 
 
2.5.2 Water temperatures 
 
From November 2016 to April 2017, Site #3 had the coldest water temperatures (Figure 2.5) 
while water temperatures at Site #1 and #2 were warmer. Two-way ANOVA suggested strong 
statistical significance in water temperatures between sampling sites (p<0.001, Eta2 = 0.73) and 
month (p<0.001, Eta2 = 0.55). At all three sites, water temperatures were higher in January 2016 





Table 2.1 Mean monthly water temperatures ±SD (°C) at three sites along the Cardrona River 
from November 2016 to April 2017. 
 
 Site #1 Site #2 Site #3 
November 2016 12.4±1.4 11.6±1.3 8.6±1 
December 2016 15±1 14.1±1 10.4±0.9 
January 2017 15±1.3 14±1.2 10.3±1.1 
February 2017 15.6±0.9 14.9±1.2 11.2±1.1 
March 2017 15.2±0.9 13.7±0.7 10.2±0.8 
April 2017 12.1±2.3 11.1±1.1 8.3±1.1 
 
 
Figure 2.5 Daily mean water temperature from 1st November 2016 to 26th April 2017. Dates are 
shown on the x-axis and water temperatures (°C) are displayed on the y-axis. The blue line 
represents Site #1, the orange line represents Site #2, grey line represents Site #3.  
 
2.5.3 Water velocity 
 
Two-way ANOVA analysis indicates no statistical significance in water velocities between 
sampling sites (p=0.33, Eta2 = 0.03). However, flow velocities differed significantly between 
sampling occasions (p<0.001, Eta2 = 0.4). The summary of means and standard deviations of 
flow velocities are presented in Table 2.2. In general, flow velocities at all three sites decreased 
in January 2017 during the summer, and then increased in April 2017. Site #1 showed the most 
dramatic decrease in mean flow velocity from 0.66±0.13m/s in November 2016 to 0.28±0.06 

























































































































































































































































































Table 2.2 Mean water velocity (m/s) at each of the three sampling sites from November 2016 
to April 2017. 
 November 2016 January 2017 April 2017 
Site #1 0.66 (±0.13) 0.28 (±0.06) 0.52 (±0.2) 
Site #2 0.64 (±0.11) 0.46 (±0.18) 0.55(±0.2) 
Site #3 0.69 (±0.08) 0.44 (±0.1) 0.47(±0.13) 
 
2.5.4 Habitat assessment 
 
Physical characteristics of each sampling site on 10th January 2017 are presented in Table 2.3. 
All three sampling sites were hard-bottomed with clearly defined riffles and runs and were 
dominated by gravel size or greater particle substrate however fine sediments were more 
abundant at Site #1 (Stark et al., 2001). Substrates at Site #1 were dominated by fine sediments 
(40%) and gravels (40%) whereas substrates at Site #2 and Site #3 were dominated by gravel, 
with 40% gravel at Site #2 and 60% at Site #3.  
 
Due to the reduced discharge in January 2017, the dominant mesohabitats at site #1 changed 
to shallow riffles and slow-runs. Most fast-runs observed at Site #1 in November 2016 were 
either dewatered or reduced to slow-runs in January. In addition, mesohabitats at Site #2 and 
Site #3 were dominated by riffles and fast-runs. Water depth at Site #1 experienced a dramatic 
decline from November. However, water depth at Site #2 and #3 did not alter significantly despite 
















Table 2.3 Habitat assessments of the three sampling sites during summer low flow on 10th 
January 2017.  
 Site #1 Site #2 Site #3 
% Mesohabitat types    
Riffle 40% 30% 40% 
Slow run 50% 10% 0% 
Fast run 1% 50% 40% 
Pool 9% 10% 20% 
% area depths    
Deepest point depth 0.62m 1.6m 0.7m 
0–0.3m depth 97% 10% 70% 
0.3-0.5m depth 3% 50% 25% 
0.5 – 1m depth 0% 35% 5% 
1m+ depth 0% 5% 0% 
% substrate types    
Fine sediment 40% 10% 20% 
Gravel 40% 40% 60% 
Large gravel 10% 30% 10% 
Small cobble 5% 5% 5% 
Large cobble 5% 5% 5% 
Boulder 0% 10% 0% 
Bed Rock 0% 0% 0% 
 
2.5.5 Trout density 
 
In total, 255 brown trout and 103 rainbow trout were captured and measured during the study. 
The relative abundance of trout at the three sites on three sampling occasions is summarized in 
the Table 2.4. Site #3 had the highest relative abundance of trout throughout the study period 
with an estimated 20~30 CPUE. Site #1 had the lowest trout abundance in November 2016 
(1.92 trout/100m2) and April 2017 (1.24 trout/100m2), however trout abundance increased 
greatly in January (11.14 trout/100m2). A sharp increase in trout abundance at Site #1 occurred 
during the summer low flow period when a surface flow disconnection was observed just 
downstream of the electric-fished reach. Trout abundance at Site #2 increased in January (4.34 
trout/100m2) and then dropped slightly in April (3.46 trout/100m2). The 23 trout that were 








Table 2.4 The number of brown trout and rainbow caught via electro-fishing at three sampling 
sites of the Cardrona River in November 2016, January 2017 and April 2017. 
Month Site Brown Rainbow Unidentified  Individual/100 m2 
Nov #1 14 14 2 1.92 
Jan #1 137 18  11.14 
Apr #1 12 8  1.24 
Nov #2 2 14 2 2.2 
Jan #2 14 15  4.34 
Apr #2 18 6  3.46 
Nov #3 4 12 19 28.36 
Jan #3 13 14  29.12 
Apr #3 24 1  21.04 
 
2.5.6 Trout fork length  
 
Two-way ANOVA suggested that brown trout fork length (FL) differed significantly among 
sampling sites (p = 0.007, Eta2 = 0.04) and over time (p = 0.03, Eta2 = 0.03). (Figure 2.6a). At 
the Site #1 and Site #2, brown trout FL increased from November to April (92.1± 13.2 mm in 
November, 97.8±3.8 mm in January and 115.5±13.1mm in April at Site #1; 35.5±10.5 mm in 
November, 84.8±13.8 mm in January and 129.4±13mm at Site #2). However, a similar pattern 
was not found at Site #3, where trout FL first increased from November (26±0.7 mm) to January 
(114.7±4.4mm) and then decreased from January to April (67.9±3.9mm). Rainbow trout FL also 
differed significantly between sites (p<0.001, Eta2 = 0.21) and months (p<0.001, Eta2 = 0.31) 
(Figure 2.6b). Rainbow trout FL increased at Site #1 and Site #3 from November (63.4±9.8mm 
at Site #1 and 26.3±2.2mm at Site #3) to January (130.3±8.5mm at Site #1 and 76.8±14.6mm 
at Site #3) and then decreased from January to April (118.5±17.9mm at Site #1 and 50mm at 
Site #3). Rainbow trout at Site #2 increased in FL consistently over the study period at Site #2 
resembles that of brown trout (38.6±1.0mm in November, 60.8±15.3mm in January and 
130.7±11.8mm in April). In addition, exploratory data analysis suggested FL of both species was 
normally distributed across sampling sites and occasions. Levene’s test showed no significance 




Figure 2.6 Trout fork length (mm±SD) at each sampling site on November 2016, January 2017 
and April 2017. (a) brown trout (b) rainbow trout, only one rainbow trout was caught at Site #3 













2.6.1 Trout density 
 
Despite being subject to a period of severely reduced discharge in January 2017, Site #1 
experienced a dramatic increase in trout abundance during the low flow event. It is possible that 
out-migration of juveniles was halted by a surface flow disconnection during summer low flow 
(Dale & Rekker, 2016). This is evidenced by trout life history; juvenile trout emerge around spring 
(McDowall, 1990) and progressively leave the Cardrona in summer (Dale & Rekker, 2016) when 
out-migration can be disrupted by reduced flow. It is not clear how long these trout might have 
been stranded at Site #1 due to downstream disconnection prior to January electrofishing 
however an overnight heavy rainfall event reconnected the river after sampling activities at Site 
#1 were completed. Stranded trout might travel downstream overnight after surface flow became 
continuous. Constant surface flow at Site #2 and Site #3 created relatively stable river channels 
and mesohabitats that were able to support stable trout populations, even during the dry season. 
Site #3 had the highest total trout abundance on three sampling occasions, likely due to low 
agricultural disturbance (Shearer & Hayes, 2001) and constant recruitment in the forms of 
hatchings and/or immigrants from upstream as juvenile trout constantly emerge and out-migrate 
in spring and summer (McDowall, 1990, Dale & Rekker, 2016). Last but not least, it should be 
noted that the single-pass electro-fishing method used in this study may have underestimated 
the true trout abundance in comparison to multi-pass electro-fishing (Lake, 2013). In addition, 
trout were sampled without replacement during population survey, this would potentially affect 
the later abundance estimate when trout abundance is low. 
 
2.6.2 Fork length 
 
At Site #1, brown trout FL increased gradually from November 2016 to April 2017 which may 
signal residency. However, very high numbers of trout were observed in January 2017 caused 
by downstream disconnection, which may suggest considerable movement of trout into the site. 
Therefore, the best explanation for increased FL at Site #1 is that larger trout migrated into Site 
#1 over the study period. Brown trout showed possible residence at Site #2 from November 
2016 to January 2017 evidenced by the gradual increase in FL at these sites. It is likely that 
environmental conditions at Site #2 were suitable for juvenile trout growth, therefore rather than 
out-migrate, some individuals became resident. However, at Site #3, despite having the most 
stable flow conditions among the three sites, brown trout FL increased from November to 
January but decreased in April 2017. This suggests larger trout out-migrate between January 
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and April. The most likely explanation is that juvenile trout at Site #3 may experience restricted 
growth rate under unfavorable environmental conditions, therefore some individuals out-migrate 
(Sheerer & Hayes, 2011). How environmental conditions at Site #3 affect trout growth and 
movement will be discussed in Chapter 3. 
 
This pattern in was also found in rainbow trout at Site #1 and Site #3 where FL increased from 
November to January at Site #1 and Site #3 and decreased from January 2017 to April 2017. 
Limited growth potential may also be a major driver for decreased FL in this case. Energetic 
requirement increases with body size (Elliott, 1996) therefore it is reasonable to deduce under 
unfavorable temperature conditions and insufficient food supply, larger trout are more likely to 
out-migrate. In contrast to Site #1 ad Site #3, rainbow trout abundance stayed relatively constant 
and FL progressively increased at Site #2 over the study period, which potentially indicates 
rainbow trout residency and growth in body size at the site. Lastly, rainbow trout FL decreased 
from January to April at Site #1, however the same pattern is not observed in brown trout 
inhabiting the site over the same period. It is possible that interspecific competition with brown 
trout played a role in driving rainbow trout out-migration. As seen in other freshwater systems in 
New Zealand (Hayes, 1984) and overseas (Hasegawa et al., 2014) where both species were 
introduced, brown trout have a competitive advantage over rainbow trout. Brown trout, when 
past fry stage, dominate rainbow especially in slow-water habitats (Hayes, 1984). Therefore, as 
the areas of slow-water habitats increased between January and April 2017 at Site #1 due to 
summer low flow, brown trout were likely out-competed rainbow trout in terms of foraging. In this 
case, due to larger body size, hence energy requirement, larger rainbow trout may not have 
access to adequate energy and thus will likely out-migrate first.  
 
2.6.3 Possible drivers of out-migration 
 
It has been well documented that growing juvenile trout out-migrate to seek suitable habitat, 
especially when the current environmental conditions are not favorable for growth (Olsson et al., 
2006, Chapman et al., 2012, Kendall et al. 2014). O’Neil & Stanford (2011) suggested that food 
availability is a major determinant of juvenile brown trout downstream migration. Their 
conclusion resonates with Davidsen et al. (2014), who found that hatchery-raised juvenile brown 
trout exhibited a higher tendency of sea-ward migration under increasingly limited food supplies. 
Furthermore, Aldven et al. 2013 highlighted water temperatures as an important factor that 
initiates brown trout downstream migration, especially during the absence of increased 
discharge. Increase water temperature increases trout energetic requirement (Elliot, 1976), if 




Another likely explanation for decreased mean FL at Site #3 was due to increased body size 
and hence energy demand (Elliott, 1976), food availability and temperature regime at cool, low 
producing Site #3 (Dale & Rekker, 2011, Olsen, 2016) could no longer support the energetic 
demands for growth, therefore the larger individuals became the first to out-migrate and resulted 
in decreased FL in both Salmonidae in April 2017 (Elliot, 1976, Sheerer & Hayes, 2001). 
However, at warmer and more productive Site #1 and #2 (Dale & Rekker, 2011, Olsen 2016), 
food resources are expected to be sufficient for trout growth and water temperatures were 
relatively more desirable, therefore trout at these sites may not out-migrate and adopt residency 
instead (Sheerer & Hayes, 2001, Beakes et al., 2010).  
 
Water temperature (Elliot, 1975, Elliot, 1976, Wooton, 1998) and food availability (Sheerer & 
Hayes, 2001) are hypothesized to be two major factors that influence trout growth and therefore 
the decision to out-migrate in this study, as empirical evidence shown. The detailed discussion 
will be presented in the following chapter. 
 
2.6.4 Effect of population density on out-migration decision 
 
In the Cardrona River, it is hypothesized that the cumulative effect of high food availability and 
low trout abundance were responsible for trout residence at Site #2, as Chapman (1966) 
suggested. However, at Site #3, high juvenile abundance may further the negative effect of food 
limitation and unfavorable water temperatures on trout growth, therefore contributed to the out-
migration of larger trout. 
 
The decision for out-migration may be density-dependent: increased trout density may lead to 
increased out-migration (Bjornn, 1978, Chapman et al., 2012). For instance, Olsson & 
Greenberg (2004) found that >90% of out-migrating brown trout originated from habitats with 
high population density. In this study, high trout abundance at Site #3 may also play a role in 
initiating downstream migration of juveniles via scrabble competition. Both species of trout are 
highly territorial (McDowall, 1990). Large individuals develop dominance hierarchies and 
subsequently become more defensive toward food resource usually by holding the best feeding 
positions, in which case, larger body size has the advantage of greater energy takes (Chapman, 
1966, McDowall, 1990, Grobler & Wood, 2013). However, in a densely populated habitat, 
scramble competition may occur when the energy spent on defending a territory exceeds the 
potential energetic benefit from the territory (Chapman, 1966). Comparing rainbow trout foraging 
behavior between defensible and indefensible food delivery in raceways Heydarnejad & Purser 
(2010) reported suppression in the formation of dominance hierarchies under an indefensible 
pattern of food distribution. However, the experiment was not able to fully break social hierarchy. 
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When scramble competition occurs, larger trout may not gain energetic benefit from their sizes 
by dominating the food source, however at the same time they have higher energy demand due 
to its size (Haye, 2013). Under conditions of limited food supply, the competitive advantage of 
larger trout will decrease as population density increases (Kaspersson et al., 2013). Therefore, 



































Chapter 3 Estimating the influence of water temperature and 
food availability on brown trout Salmo trutta and rainbow 
trout Oncorhynchus mykiss out-migration using a 




Water temperature and food availability are major determinants of trout growth potential and 
hence the decision to out-migrate. When the water temperature becomes a limiting factor on 
growth, juvenile trout will out-migrate to seek more suitable temperature to achieve better 
growth potential. Similarly, when food is limited, juvenile trout either exhibit reduced growth 
rate or will out-migrate to seek greater resources. To estimate juvenile trout migration in the 
Cardrona River and to determine whether water temperature and food availability are 
responsible for the movement, trout specific growth and daily energy consumption were 
estimated using bioenergetics models based on field data. The predicted specific growth rate 
and actual growth of brown and rainbow trout at each site were estimated with a temperature-
based bioenergetics model from November 2016 to January 2017. The model assumes 
maximum food ration and optimum environmental conditions (e.g. dissolved oxygen), hence 
predicted growth rate is a function of temperature. Comparison between predicted biomass 
and observed data revealed the possible migration between study sites. The results indicate 
potential downstream movement of trout into Site #3 from November to January and possible 
out-migration leaving Site #3 and into Site #1 and #2 between January and April. Comparison 
between predicted specific growth rates across sites in response to water temperature 
identified water temperatures as a potential driver behind the migration. Predicted specific 
growth rate at Site #1 plummeted during a period of dewatering while growth rate reached the 
highest at Site #2 and the lowest at Site #3, suggesting water temperature was a potential 
limiting factor to trout growth potential at Site #3 throughout the study period and a Site #1 
during a period of extreme low flow from 30th March 2017 to 2nd April 2017 which may lead to 
juvenile out-migration. Furthermore, comparisons between food availability and trout 
consumption suggest that food availability could play a role in driving juvenile trout out-
migration in the Cardrona River. Trout out-migration at Site #1 in April can be explained by 
insufficient food supply. At Site #2, food resource could support the immigrants, therefore did 
not result in trout out-migration. Reduction in food availability at Site #3 in January was 





3.2.1 Bioenergetics Model 
 
Bioenergetic modelling is a useful tool for predicting lotic fish carrying capacity as a function of 
geomorphic, flow, water quality and food related variables (Hayes, 2013). The basic principle 
of bioenergetic modeling is represented by the equation below (Elliot, 1976); 
 
                          ∆B = Ce - F - U – (Ra + Rs + Rd) 
 
where ∆B = available energy for growth, Ce represents total daily energy intake. F and U are 
the energy loss in forms of faeces and urine. Ra and Rs are the energy requirement for active 
and standard metabolism. Rd is the energy required for digestion. All variables can be estimated 
from the trout body weight, water temperature and drift-foraging models (Elliot, 1975, Elliot, 
1976, Hayes et al., 2000). Hayes (2013) concluded that bioenergetic models are a useful tool 
for estimating growth limiting factors of an individual in a population in rivers and lakes and 
have proven their utility for both brown trout (Hayes, 2013) and rainbow trout (Hayes & Addley, 
2013).  
 
In this chapter, I estimated expected trout growth at each sampling site in response to water 
temperature using a temperature-based bioenergetics model to predict trout growth over the 
study period (Elliot, 1975, Hayes, 2013). This model treats water temperature as the only 
limiting factor of juvenile trout growth and was built on the assumption that trout are drift feeding 
at maximum capacity (Elliot, 1975).  
 
3.2.2 Water temperature influences trout growth and movement 
 
Water temperature is a major abiotic factor that directly influences trout growth (Kendall et al., 
2014). It determines trout metabolic rate, food consumption and processing rates, and hence 
influences growth potential (Elliot & Hurley,1999, Kendall et al., 2014). According to Elliot (1976), 
brown trout energetic requirements for basic metabolism are greater at higher water 
temperature and indicates a greater rate of weight loss can occur when water temperature rises 
above 13 °C if food resources are insufficient (Elliot, 1975). However, the exact temperature at 
which trout growth reach maximum growth rate is determined by the amount of food consumed 
(Elliot, 1975). Elliot (1975) suggested that the optimum water temperature for trout growth 
decreased with increasing amount of prey consumed, and growth models indicate that, at the 
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maximum prey intake, the optimum temperature is about 13 °C whereas at the minimum 
consumption rate the optimum temperature drops to 4°C (Elliot, 1975). Furthermore, water 
temperature can influence food consumption rate, Elliott & Hurley (1999) predicted, via a 
bioenergetics model, that brown trout daily energy intake decreases dramatically when water 
temperature reaches around 18°C. For rainbow trout, the predicted optimum water temperature 
at which trout feed on maximum capacity is around 20°C (Rand et al., 1993, Railsback & Rose, 
1999, Tyler & Bolduc, 2011). 
 
Water temperature is a major factor that determines trout life history and indirectly affects trout 
out-migration tendency (Elliott et al., 1995, Kendall et al., 2015). Trout out-migrate to improve 
their growth potential (Shearer & Hayes, 2011). As trout metabolism and growth are directly 
controlled by water temperature (Elliot, 1975, Brett, 1952), when water temperature limits 
growth potential in a habitat, trout may actively out-migrate to seek other, more suitable habitats 
(Shearer & Hayes, 2011, Kendall et al., 2015). For instance, Sogard et al., 2012 reported 
predominant migrant rainbow trout presence in streams where water temperature frequently 
exceeded the optimal range for trout growth, whereas residents were abundant in cooler 
streams where water temperatures did not exceed the optimal range for growth in summer. 
 
3.2.3 Water temperature during low flow 
 
Water temperature is positively related to reduced flow (Sinokrot & Gu, 1996, Hayes & Young, 
2001) and enhance trout growth. Such effect is more obvious in smaller streams than larger 
rivers due to greater surface to volume ratio (Hayes & Young, 2001). For instance, as 
summarized by Hayes & Young 2001, energy balance modeling predicted around 0.1°C 
increase in water temperature in response to every 1 cumec drop in discharge in larger Hurunui 
River, Canterbury (Hockey et al., 1982). Whereas in a smaller river, model predicted 3°C 
increase in water temperature for every 1 cumec drop in discharge (Dymond & Henderson, 
1981). Furthermore, despite maximum water temperatures increasing gradually from upper to 
lower catchments (Ward, 1985), headwaters can be more susceptible high-water temperature 
in summer due to smaller water volumes if lacking riparian shading (Quinn et al., 1992). 
Riparian shading is able to reduce the amount of solar radiation reaching water surface and 







3.2.4 Food availability influences trout growth and movement 
 
It has long been established that energy constraints play an important role in determining the 
growth potential of trout (Elliott et al., 1995), which, when impaired, will increase the likelihood 
of out-migration (Kendall et al., 2015). The potential relationship between food availability and 
trout out-migration tendency was reported in several previous studies (Benjamin et al., 2013, 
Weber et al., 2014, Kendall et al., 2015). Energy demand increases as trout grow, and once 
the demand approaches or exceeds energy carrying capacity, individuals will out-migrate to 
search for the required resources. Benjamin et al., 2013 reported reduced food availability 
increases rainbow trout anadromy whereas adequate food supply improved growth and 
residency. Similarly, Olsson et al. (2006) reported a positive correlation between food supplies 
and out-migration tendency in captive brown trout. This chapter aims to determine whether 
food constraints, in the form of macroinvertebrate drift, play a role in driving juvenile trout 
migration.  
 
3.2.5 Trout foraging and diet 
 
Foraging and diet of brown trout closely resemble that of rainbow trout (McDowall, 1990). 
Both species are opportunistic predators, and adults may consume a variety of prey such as 
fish, invertebrates or mice (McDowall, 1990). However, as juveniles, both species 
predominately feed on macroinvertebrates in the drift from aquatic and/or terrestrial sources 
(Cada et al.,1987, McDowall, 1990, Li et al. 2016). Trout drift-feeding is based on vision thus 
larger, more visible prey are more vulnerable to predation and have a higher energy return 
(Allan 1981; Dodrill et al. 2016). Brown and rainbow trout were thought to have feeding 
preference for particular invertebrate taxa, but the proportions of most prey consumed 
resemble their proportions in the drift (Cada et al.,1987).  
 
Furthermore, drift-feeding rainbow trout maximize net energy gain by moving into faster 
waters (Smith & Li 1983) and/or by selecting larger prey (Dodrill et al. 2016). Juvenile trout 
feed on invertebrate drift in moderate- to fast- moving waters with high drift rate (number of 
invertebrates per unit time) (Hayes et al. 2000) where drift-feeding is more energetically 
efficient. Dedual & Collier (1995) emphasized the importance of medium to fast-flowing 
habitats for juvenile trout in term of food production, as the highest densities of most benthic 






3.2.6 Trout growth during low flow 
 
During summer low flow, trout can be forced from drying riffles and runs that are unable to 
support healthy populations into warm and overcrowded pools (Hynes, 1958; Larimore et al., 
1959). Furthermore, thermal stress from high water temperature is one of the major causes of 
trout mortality during low flow (Elliott, 2000). The effect of low flow on trout populations depends 
on stream size, channel morphology and geometry, severity and duration of low flow (Hayes 
& Young, 2001), therefore the reported effects of low flow on trout are mixed (Hayes & Young, 
2001). On one hand, the negative effect of high water temperature (Hynes 1958; Larimore et 
al. 1959) on trout growth in the drying reaches can be magnified by increased population 
density (Xu et al., 2010). Increased population density leads to increased competition for space 
and food that may further restrict trout growth potential during low flow (Hayes & Young, 2001). 
On the other hand, trout growth may benefit from temporary increases in food availability as 
invertebrates are displaced at the start of a low flow event, however the duration of such 




This chapter aims to investigate the movement patterns of juvenile trout between three sampling 
sites and to determine whether or not water temperature and food availability could drive out-
migration in the Cardrona River during summer low flow periods. Trout movement was 
determined by comparing predicted biomass, calculated using a temperature-based 
bioenergetics model, to observed total biomass at each site. Furthermore, the effect of water 
temperature on trout out-migration is estimated by comparing predicted trout growth rates 
estimated via bioenergetics model across sampling sites. This chapter also investigates the 
macroinvertebrate drift composition and energy contents to determine whether food limitation 
could influence out-migration. This is achieved by comparing the amount of energy accessible 
to trout, derived from the energy content in the drift and a drift-foraging model, to trout maximum 













3.3.1 Study sites 
 
To determine whether there is any evidence for juvenile trout movement between sites by 
predicting trout growth in the Cardrona River in response to water temperature and examining 
how predicted growth compare observed growth across three sites, temperature records and 
juvenile trout samples were collected at three sites (Site #1, Site #2 and Site #3) along the river 
mainstem from November 2016 to April 2017. Furthermore, in order to investigate whether food 
availability in the form of macroinvertebrate drift is a limiting factor for juvenile trout growth in 
the Cardrona River, invertebrate drift samples as well as juvenile brown and rainbow trout were 
collected from three sampling sites along the Cardrona River. Site #1 was located upstream of 
the Ballantyne Road bridge (E1295804, N5041297). Site #2 was located at an ORC flow 
monitoring station near “The Larches” (E1292816, N5037455). Site #3 was located at the upper 
catchment near Rodies Gully (E1282070, N5018145). The Cardrona River at Site #1 was 
reported to be potentially unsuitable for brown and rainbow trout at times due to high water 
temperatures, whereas at Site #2, both species were expected to thrive all year around (Olsen, 
2016). The water temperature of the river mainstem around Site #3 has not be previously 
monitored by ORC before, however temperature records at the nearby Boundary creek, a 
tributary of the Cardrona River suggest that the water temperature at Site #3 is very likely 
suitable for both trout species (Olsen, 2016). For more details on the study sites, see Chapter 
1. 
 
3.3.2 Recording water temperatures 
 
Water temperatures (°C) at the three sampling sites were recorded hourly from 27th October 
2016 to 26th April 2017 using a HOBO Pendant temperature logger (#UA-002-64) at each site. 
Hourly water temperature records were averaged and condensed to daily means and then 
incorporated into bioenergetic models. The locations and installation of the temperature loggers 
are described in detail in Chapter 2. 
 
3.3.3 Bioenergetic modelling 
 
A bioenergetic model was used to predict individual juvenile trout daily specific growth rate at 
each sampling site from November 2016 to April 2017, in order to determine how trout growth 
potentials in response to water temperatures compare across three sampling sites. The same 
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model was also used to predict total trout biomasses in January 2017 and April 2017 at the 
three sites assuming all trout were resident from November 2016, and no death or emigration 
occurred. The model predictions were compared with observed total trout biomass at each site 
in January and April to assess possible trout movement between sites. The bioenergetics 
model used was obtained from the Cawthron Institute website in the form of an Excel Visual 
Basic for Applications macro: (http://www.cawthron.org.nz/publication/toolsmodels/brown-trout-
growth-model/).  
 
The model used in this chapter is named “Cmax_1995”, a temperature-based bioenergetics 
model developed for brown trout. The model was developed by Hayes et al. (2000) and Hayes 
(2013) based on the bioenergetic model of brown trout developed by Elliot et al. (1995). It 
predicts brown trout live weight (g) as a function of water temperature, assuming maximum 
food intake (see brown trout growth model: user guide version 2.1 written by John Hayes). The 
foundation of this model was originally developed by Elliot et al. (1975) and was later improved 
by Elliot et al. (1995). The original model was developed from 185 wild-bred brown trout kept 
in artificial conditions with 100% oxygen saturation and fed to satiation. The growth of these 
trout was modelled under five constant water temperatures ranged from 5°C to 18°C. Model 
testing suggested that this model was an excellent fit for trout growth when water temperature 
ranges from 3.8°C to 21.7°C (Elliott et al., 1995). The model calculates Wt (weight at time t) 
and Gw (specific growth rate), change in weight at the end of each time period via the following 
equations;  
 
Wt = [ Wob + b*c*(T-TLIM) *t / (100*(TM-TLIM)) ]1/b  
Gw = c * Wt-b * (T - TLIM) / (TM - TLIM) 
 
T is water temperature. Wo is the initial body weight. b, c, TM are constants where b = 0.308, c 
= 2.803, TM = 13.11 °C. Value of TLIM is determined by T and two constants TL, TU where TL = 
3.56 °C and TU = 19.48 °C; TLIM = TL if T ≤ TM or TLIM = TU if T > TM. This model was also used 
to predict growth for rainbow trout, due to lack of an equivalent temperature-based 
bioenergetics model for rainbow trout. 
 
3.3.4 Trout sampling and processing 
 
In total 359 brown and rainbow trout were collected using electrofishing and measured for fork 
length (nearest 0.1mm) and live weight (nearest 0.1g) at the three sampling sites along the 
Cardrona River in November 2016, January 2017 and April 2017. A number of trout sampled 
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in November 2016 were preserved in 99% ethanol before identification and measurement. 
These trout were identified based on dorsal and anal principle fin ray counts (McDowall, 1990) 
and their live weights were calculated from preserved weight (measured to the nearest 0.1g 
with an electronic scale). In this chapter, preserved weight (PW) to live weight (LW) conversion 
was derived from Shields & Carlson (1996), who developed the following equations based on 
sockeye salmon (Oncorhynchus nerka) body weight before and after 95% ethanol preservation; 
 
LW = 0.225 + 1.174 * PW 
 
Converted live weights of November samples were incorporated into bioenergetics model as 
the initial weight (g). 
 
To assess trout diet over the study period, brown trout and rainbow trout were sampled in 
November 2016, January 2017 and April 2017 at three sampling sites along the Cardrona at 
day and night close to drift sampling locations. By day, juvenile trout were collected using one-
pass electrofishing with a Smith-Root LR-24 backpack electro-fisher. Electrofishing was 
performed by at least three operators; one operating the electro-fisher while the others held 
stop nets just downstream of the operator collecting stunned fish. Additional field workers 
assisted with trout measuring and data recording. At night, trout were collected using 
spotlighting conducted by two field workers equipped with dip nets and battery-powered 
headlamps. However, in warm summer nights in January when trout were easier to “spook” 
which made spotlighting more difficult, electrofishing was carried out instead. Trout sampled 
by day and night were kept separate and taken back to a laboratory for processing. 
 
Most juvenile trout sampled were first anaesthetized in a bucket contained Aqui-S solution 
(around 0.017 - 0.025ml Aqui-S per 1 liter of water) after capture and then measured for fork 
length (closest 0.1cm) and weight (closest 0.1g) in the field. In January and April, brown and 
rainbow trout were identified in the field based on body coloration and kept separately. 
However, November samples were preserved before identification, and trout were identified in 
the laboratory based on the number of principle rays of dorsal fin, anal fin and parr marks 
(McDowall, 1990). Due to the low sensitivity of the field balance, several 0+ trout were not 
weighed in the field in November; these trout were measured in a laboratory for preserved 
weight and length and then converted to live weight and length. All trout collected in January 
and April were measured for live weight and length in the field. After measurement, larger (2+) 
or adult trout were placed in buckets containing river water to recover. These trout were 
released once fully recovered, and 0+ or 1+ trout were euthanized with an overdose of Aqui-
S, and then preserved in 99% ethanol. Preserved trout were later analyzed in a laboratory. 
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3.3.5 Trout gut content processing 
 
To identify the prey taxa consumed by juvenile trout, a randomly selected subsample of juvenile 
brown and rainbow trout were dissected in a laboratory and their stomachs were removed. 
Stomach contents were rinsed onto a counting tray after which the contents in the gut were 
counted and identified to genus, family or order level. Only the contents of the stomach (cardiac, 
cecum and pyloric parts) were analysed. Damaged invertebrates were identified if possible.  
 
 
Figure 3.1 Pictures of the Cardrona River at each of the three sampling sites. (a) shows Site 
#1 at the lower Cardrona River. (b) shows Site #2 near The Larches. (c) shows Site #3 on the 
upper catchment. All three pictures were taken between 10th and 11th January 2017. 
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3.3.6 Macroinvertebrate drift sampling 
 
To examine potential energy available to trout at the sampling sites, macroinvertebrate drift 
sampling was conducted follows Protocols C3 of Protocols for sampling macroinvertebrates in 
wadable streams proposed by the Ministry for the Environment (Stark et al., 2001). Drift 
sampling was conducted on three occasions; 22nd to 23rd November 2016, 10th to 11th January 
2017 and 26th and 27th April 2017. Both day and night drift samples were taken on each 
occasion. Daytime drift sampling was carried out in the afternoon and night sampling was 
initiated 1 hour after sunset (Dedual & Collier, 1995).  
 
Four identical conical drift nets (25cm diameter, 400μm mesh) were positioned at runs or pools 
with sufficient flow just downstream of four similar riffles at each sampling site (Figure 3.2), 
during each occasion (Stark et al., 2001). Drift nets were installed about 20-50m away from 
each other. The initial flow velocity was measured to the nearest 0.01 m/s at about 65% of the 
water depth at the centre of each drift net using a Flow-Mate (model 2000). Water depth at the 
mouth of the net was estimated to the nearest 1 cm with a metric standard wading rod. Prior 
to collecting drift nets were after a 2-hour sampling period, the final flow velocity (m/s) was 
recorded, then the contents removed and preserved in 99% ethanol in the field. Day and night 
samples were labelled and kept separate. Contents from four drift nets on each site were 
preserved in four separate pottles and returned to the laboratory for processing.  
 
Due to low flow in January 2017, several river channels at the first site were isolated from the 
main stem and the remaining channels changed course dramatically. Two upstream locations 
at Site #1 where two drift nets were employed in November 2016 were de-watered. Therefore, 
these drift nets were relocated to other spots within the sampling reach where surface water 
flowed continuously and remained for the rest of the study. The drift net locations at the 





Figure 3.2 The picture shows one of the four drift nets deployed at the first sampling site at 
the Cardrona River on 10th January 2017. 
 
3.3.7 Drift processing 
 
Macroinvertebrates in drift samples were fully counted to provide a precise estimate of 
percentage community composition of invertebrates drifting at each sampling site (Stark et al. 
2001), and to identify potential food sources for fish. Drift samples were passed through two 
sieves (pore size 95mm and 0.45mm). The sieved materials were rinsed onto counting trays 
for identification and measurement. Only mostly intact invertebrates were identified and 
measured. 
 
Invertebrate identification was carried out under a dissecting microscope (up to 40x 
magnification). The most abundant aquatic taxa were identified to genus while the less 
abundant taxa were identified to family. Pycnocentrodes, Pycnocentria, Hudsonema, Olinga 
and Oxyethira were grouped into cased caddisfly larvae. Aoteapsyche and Hydrobiosidae 
species were grouped as uncased caddisfly larvae. Terrestrial invertebrates were identified to 
order. Invertebrate identification was based on a freshwater invertebrate guide on the Landcare 
Research website (https://www.landcareresearch.co.nz/resources/identification/animals/fresh 
water-invertebrates). The identified invertebrates were then measured to the closest 0.01mm 
with an Am-scope microscope camera (model FMA050) using its measurement function for 
biomass reconstruction. The camera was calibrated for measurement under x0.8 and x1 






3.4 Data Analysis 
 
3.4.1 Predicting daily specific growth rate 
 
In this study, trout daily specific growth rate was modelled with “Cmax_1995” at each of the three 
sampling sites from 1st November 2016 to 26th April 2017 with the initial body weight set to 0.1g 
in order to determine how trout growth potentials in response to water temperatures compare 
across three sampling sites. Water temperatures recorded by data loggers were condensed to 
daily means and then incorporated into the bioenergetic model to predict daily specific growth 
rate.  
 
The model used in this chapter was based on Elliot et al.’s (1995) bioenergetics model for trout 
growth-temperature relationships. It assumes water temperature to be the only limiting factor 
of trout growth (Elliot et al., 1995), and hence predicts the maximum possible trout growth rates 
for a given temperature regime. However, this model does not estimate foraging and 
reproduction cost, and is therefore is not suitable for predicting trout lifetime growth. However, 
it can be used to model the growth of immature trout (Hayes, 2013). The data inputs of the 
model include start date, end date, center date, time period and water temperature and the 
outputs of the model are the predicted specific growth rate, the predicted biomass at the end 
of each time period and the predicted change in weight at the end of each time period (Hayes, 
2013). 
 
3.4.2 Predicted trout growth 
 
The bioenergetics model was used to predict individual trout biomass at three sampling sites 
in January 2017 and April 2017, based on the initial starting biomass from the previous 
sampling occasion, assuming no mortality or emigration. At each site, total trout biomass in 
each sampling occasion were calculated by combining all predicted individual biomasses. 
Predicted values were then compared with observed values to investigate trout movement 
between sites. The model prediction assumes all trout in November 2016 were residents at all 
sites Therefore, trout abundance at three sampling sites were assumed to be constant from 
November to April in the model. The model estimated daily trout growth at three sites from 22nd 
November (when trout samplings were commenced at Site #1 and Site #2) or 23rd November 
2016 (Site #3) to 26th April 2017. Assumptions of this model include: 1) No movement of 
juveniles therefore trout abundance stayed constant at three sites from November 2016 to April 
2017; 2) Maximum prey ration (Elliot 1975, Elliot et al., 1995); 3) Most importantly, water 
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temperature is the only factor that influences trout growth (Elliot 1975, Elliot et al., 1995, Hayes, 
2013).  
 
Individual trout live weight (g) in January 2017 and April 2017 were estimated from trout live 
weight (g) in recorded in November 2016. Parameters for the model were derived from 
empirical data. Mean daily water temperatures from 22nd November or 23rd November 2016 to 
26th April 2017 at three sampling sites were incorporated into the model. The live weight of each 
trout sampled in November was used as the initial weight in the bioenergetics model to predict 
individual biomass on the days when January and April trout sampling were conducted. At each 
site, the predicted total biomass of trout in January and April were calculated by combining the 
predicted weights of individual trout. Eventually, the model predictions were compared to the 
field data.  
 
The temperature-based bioenergetics model used in this chapter estimates juvenile trout 
growth under 100% oxygen saturation, maximum prey intake and with no energy cost for drift-
foraging (Elliot 1975, Elliot et al., 1995), and uses water temperature as the only limiting factor 
for trout growth. These assumptions are very difficult (if not impossible) to achieve in realistic 
scenarios. Therefore, the model prediction represents the maximum theoretical growth for a 
given temperature regime. Thus, if the observed total biomass exceed the predicted biomass 
at a site, it is reasonable to infer that the exceeded biomass must come from elsewhere in the 
catchment in the form of immigrants. However, where modelled prediction overshoots the 
observed biomass, then out-migration or mortality must have occurred. 
 
3.4.3 Invertebrate biomass reconstruction 
 
The biomass of drifting invertebrates was reconstructed using the linear equation: InDW = In*a 
+ b*lnL, derived from log-transforming DW=a*Lb (Sample et al. 1992; Towers, Henderson & 
Veltman, 2010), where DW is the invertebrate dry weight (mg), L represents the invertebrate 
body length (mm), a and b are the regression constants. Only mostly intact Invertebrates from 
drift were reconstructed. The regression constants vary across taxa and life stage. In this study, 
the regression constants used were based on Sample et al. (1992), Towers, Henderson & 
Veltman (2010) and Sabo et al. (2002). Towers, Henderson & Veltman (2010) was used for 
calculation of aquatic invertebrate biomass. Sample et al. (1992) and Sabo et al. (2002) were 
used to calculate terrestrial invertebrate biomass, including adult and larvae forms. Biomass 
reconstruction of several invertebrate taxa without conversion constants were carried out using 
conversion constants of other taxa that exhibit similar body plan. For instance, biomass of 




3.4.4 Estimating drift density 
 
To estimate food availability at each sampling site, invertebrate drift density was calculated by 
dividing the total biomass of all invertebrates caught in each drift net (mg) by the volume of water 
filtered (m³) through each net. Water volume for each drift net was calculated by multiplying the 
area of submerged circular section (m2) by mean water velocity (m/s) at the mouth of each drift 
net and duration of drift sampling (s). The area of circular section was derived from water depth 
at the month of each drift net. Mean water velocity was calculated by averaging the initial and 
end flow velocity to the nearest 0.01 m/s. 
 
3.4.5 Invertebrate biomass-energy conversion 
 
Dry mass of invertebrates in drift (g) was converted to energy (calories) at order level based on 
conversion constants (calories per gram dry mass) from Cummins (1967), Cummins & 
Wuycheck (1971) and Akbaripassand et al. (2014); invertebrate energy value, instead of 
biomass is a reliable method to estimate trout daily consumption (Elliott & Hurley, 1998).  
 
Only invertebrate taxa present in both the drift and trout stomachs were included in the energy 
conversion calculations. The energy density of invertebrate drift (calories/m2) was calculated for 
each drift net that was deployed after sunset. The calculation was similar to that of biomass drift 
density. The total amount of energy in each drift net per m2 cross-selection area of flow in 2hr 
(calories/m2 * 2hr) was calculated by combining the energy content of every invertebrate caught 
in each net and then divided by the cross-section area of each net (m2), and then extrapolated 
to estimate daily energy drift density (calories/m2 * 24hr).  
 
3.4.6 Energy from invertebrate drift vs. trout energy consumption 
 
In order to determine whether energy from invertebrate drift was sufficient for the observed 
juvenile brown and rainbow trout biomass in the Cardrona River, daily food supply and trout daily 
energy consumption were calculated and compared. The amount of energy from drift 
(calories/24hr) was estimated and then compared to the trout maximum daily consumption 
(calories/24hr) estimated using the bioenergetics model for each site and sampling date. Daily 
energy density from invertebrate drift (calories/24h/ m2) was estimated by averaging energy drift 
density at daytime and about 2 hours after sunset. The daily sum of energy from drift that was 
available to trout (calories/24hr) was estimated by multiplying daily energy density with trout drift-
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foraging area (m2). Trout drift feeding area was first calculated at the individual level and then 
combined to estimate the total foraging area (m2) of the trout population at each site. Trout daily 
consumption was calculated for each individual brown and rainbow trout using bioenergetics 
modelling, and then combined to estimate total daily energy consumption by the trout population 
at each site, on each occasion. 
 
3.4.7 Estimating trout daily energy consumption 
 
To estimate trout energy consumption at each sampling site, daily maximum energy 
consumption (calories/24hr) was estimated for each individual brown (BNT C) and rainbow trout 
(RBT C) with the drift-foraging bioenergetics models (Dodrill et al., 2016). The prediction for 
brown trout daily intake was based on an invertebrate-only diet (Elliott & Hurley 1998), whereas 
the prediction for rainbow trout daily consumption was developed based on high-energy food 
pellets (Addley, 2006). Calculations for BNT Cmax was derived from Elliott & Hurley (1998)’s and 
the equation for RBT Cmax was based on Dodrill et al. (2016), who derived the equation from 
From & Rasmussen (1984) and Addley (2006): 
 
BNT C = Cmax * [(TR - TL) / (TI - TL) bI] * [TS - TL / (TM - TL) bH] * W 
RBT C = [a * W0.7292 * 0.51] * 0.93573 * 14319* 0.2388459 
                 
In BNT C formula, Cmax, TL, TI, TM, bI, bL and bR are constants. Cmax = 255.49, TL = -7.48, TI = 
6.8, TM = 18, bI = 4.899, bL = 3.002, bR = -20.376. TR = T if T ≤ TI, TR = TI if T > TI; TS = TI if T≤TI, 
TS = T if T > TI; bH = bL if T ≤ TM, bH = bR if T > TM. T represents 24hr mean water temperature 
(°C) of the day when trout were sampled and W is trout live weight (g). In RBT C formula, a is a 
value varies with water temperatures and is defined as food consumption (g) per biomass fish 
(g) (table 4.1). The values of a in this study were determined by the mean daily water temperature 
when trout were sampled. 
 
Table 3.1 Values of constant a for RBT C calculation in various water temperatures (From & 
Rasmussen, 1984, Addley, 2006, Dodrill et al., 2016)  









3.4.8 Estimating trout drift foraging area 
 
Drift foraging trout usually position close to the river bed and capture prey from a two-
dimensional semi-circular prey capture area (see Fig. 3.3; Hughes & Dill, 1990, Hayes et al., 
2000). Invertebrates that are carried into the drift foraging area can be intercepted by fish 
(Rand et al., 1993). Therefore, the drift-foraging area for each individual can be estimated from 
foraging radius (FR, m). Foraging radius is a function of flow velocity (m/s), prey size (mm), 
trout (FL) fork length (cm) and live weight (g).  
 
Foraging radius (m) for individual trout was calculated using the foraging model developed by 
Hayes et al (2000). Foraging areas for each trout at each site were then combined to provide 
a rough estimate of the total foraging area for a given trout population. This model incorporated 
equations from other studies that are used to estimate parameters of the foraging model 
(Jones et al., 1974, Stewart, 1980, Hughes & Dill, 1990). Calculations for these parameters 
were derived from other salmonid species. The foraging model was developed for brown trout, 
however, due to the absence of a rainbow trout foraging model, the brown trout foraging model 
was used to estimate rainbow trout foraging area. One key assumption of the foraging model 
is that drifting-foraging trout exclusively feed on invertebrates in drift. 
 
 
(Hayes et al., 2000) 
Figure 3.3 Cross-section of trout drift-foraging area. CA1.CA2.CA3 are conceptual capture 








The followed equations summarized Hayes et al by (2000) were used to calculate drift-
foraging area of individual trout: 
 
Foraging Area (m2):        
Foraging radius (m):            Hughes & Dill (1990) 
Reaction distance (m):        Hughes & Dill (1990) 
Mean column velocity in              Stewart (1980) 
CA2 (m/s): 
Maximum sustainable                     Jones et al (1974) 
swimming speed (m/s): 
 
Where FL = fork length (cm), W = fish weight (g), T = Water temperature and  is the 
median length of prey size-class i (mm) (Hayes et al., 2000). In this study, PL was the median 



























3.5.1 Daily specific growth rate 
 
Overall, the daily specific growth rate of brown and rainbow trout was lowest at Site #3 and 
highest at Site #2. Site #1 generally had a moderate growth rate among sampling sites, 
however trout growth rate at the site reduced significantly between 30th March 2017 and 3rd 
April 2017 (Figure 3.4) during a short period of extreme low flow. Detailed analysis of water 
temperature records from 29th March 2017 to 2nd April 2017 revealed that maximum 2hr 
average water, temperatures from 30th March 2017 to 1st April 2017 exceeded acute thermal 
criteria for both brown and rainbow trout (table 3.2). It is very likely that the logger was out of 
water during this period, especially on 1st April. 
 
 
Figure 3.4 Specific growth rate of juvenile trout from 1st November 2016 and 26th April 2017. 














Table 3.2 Maximum 2hr average water temperature from 29th March 2017 to 2nd April 2017 and 
acute thermal criteria for brown and rainbow trout (Todd et al., 2008). Maximum 2 hour average 
water temperature was recorded at Site #1. Ticks indicate maximum 2hr average temperature 
exceeded trout thermal criteria. 
 29-Mar-17 30-Mar-17 31-Mar-17 1-Apr-17 2-Apr-17 
Max. 2hr average (°C) 21.1 26.8 28.6 30.2 20.9 
Brown trout acute 
thermal criteria (24.6°C)  ✓ ✓ ✓  
Rainbow trout acute 
thermal criteria (23.8°C)  ✓ ✓ ✓  
 
3.5.2 Observed biomass vs. model prediction 
 
The observed total trout biomass at Site #1 (3228g) exceeded the predicted total biomass 
(407g) in January 2017, however the predicted biomass undershot in April 2017. Site #2 had 
consistently higher observed total trout biomass in comparison to model prediction in January 
(106g predicted biomass vs. 483g observed biomass) and April (287g predicted biomass vs. 
891g observed biomass). At Site #3, predicted biomass first undershoots total biomass in 
January (321g predicted biomass vs. 433g observed biomass) and then overshoots in April 




















   
Figure 3.5 Predicted total trout biomass vs. total trout biomass at three sampling sites in 
November 2016, January 2017 and April 2017. Figure 3.2a = Site #1; Figure 3.2b = Site #2; 
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3.5.3 Biomass of invertebrate drift  
 
Invertebrate drift exhibited a clear difference between day and night drift rates in biomass. 
Mean drift biomass was generally greater at night than day, except Site #3 in January 2017 
(table 4.2). Drift biomass at Site #1 experienced a dramatic increase in January 2017 with day 
drift biomass of 3.07±1.44 mg/m3 and night drift of 7.03 ±2.92 mg/m3, the highest drift biomass 
recorded in this study. Site #1 had the highest drift biomass in November 2016 (0.62 mg/m3 at 
day and 0.95 mg/m3 at night) and January 2017. However, in April 2017, Site #2 had the 
highest drift biomass (0.49 mg/m3 at day and 0.64 mg/m3 at night). Site #3 had the lowest 
average drift biomass of the three sites. Daytime invertebrate samples at Site #1 and Site #2 
in November 2016 were pooled respectively during processing, therefore standard deviations 
could not be calculated.  
 
Table 3.3 Average invertebrate drift biomass ± SD (mg/m3/2hr) at day and night at three 
sampling sites in November 2016, January 2017, April 2017. 
 Day Night 
Nov #1 0.62 0.95±1.02 
Jan #1 3.07±1.44 7.03±2.92 
Apr #1 0.3±0.18 0.35±0.20 
Nov #2 0.58 0.69±0.42 
Jan #2 0.47±0.24 1.85±1.1 
Apr #2 0.49±0.19 0.64±0.36 
Nov #3 0.13±0.03 0.19±0.17 
Jan #3 0.29±0.2 0.24±0.17 
Apr #3 0.29±0.26 0.61±0.4 
 
3.5.4 Drift composition 
 
Invertebrate drift was composed of macroinvertebrates of both aquatic (EPT taxa etc.) and 
terrestrial origins (Diptera etc.). Overall, the most abundant invertebrate taxa in the drift were 
cased caddisfly larvae, uncased caddisfly larvae, Chironomidae larvae, Chrionomidae pupa, 
Diptera adult, Hemiptera, Thysanoptera, Deleatidium and Zelandobius (Table 3.3). 
Invertebrate drift was dominated by cased caddisfly larvae and Deleatidium in November 2016. 
In January 2017, Chironomidae larvae and Diptera were the most abundant taxa. In April 2017, 
Diptera, Hemiptera, Deleatidium and uncased caddisfly larvae occurred in high abundance. 
Furthermore, it is worth noting that stonefly Zelandobius, one of the five most abundant taxa 
in April night drift at Site #3, was not present in any abundance at the other sampling sites. 
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3.5.5 Trout diet composition 
 
Gravimetric analysis suggested a close association between the invertebrate composition of 
the drift and invertebrate taxa consumed by trout; all dominant taxa in drift were found in fish 
stomachs (Table 4.4). Juvenile brown and rainbow diets mostly comprised Deleatidum larvae, 
Zelandobius larvae, several taxa of Trichoptera larvae, Chironomidae larvae, Austrosimulium 
larvae and pupa, Thysanoptera, Diptera adult, Diptera larvae (Ephydridae, Tabanidae, 
Stratiomyidae), Hemiptera, Hymenoptera, Lepidoptera larvae, Coleoptera adult and larvae. 
Several other invertebrate taxa were occasionally consumed, including Araneae, Acari, 
Collembola, Diplopoda, Dermaptera, Isopoda.  
 
3.5.6 Energy availability vs. maximum daily consumption 
 
The results are summarized in Figure 4.3 a, b and c below. Trout maximum daily consumption 
(calories/24hrs) estimated by the bioenergetic model was consistently below potential energy 
available (calories/24hrs) in the invertebrate drift at all three sites from November to April. 
However, the estimated maximum daily prey consumption of the trout population did approach 
the energetic carrying capacity of Site #1 in April and Site #3 in January.  
 
Comparisons between the energy available (in the form of invertebrate drift) and the estimated 
maximum daily energy consumption of the trout population suggested that the energy 
requirements of trout were mostly far lower than the amount of energy available at Site #1 
(Figure 3.6a) in November (26,837 calories/24hrs trout consumption and 145,594 
calories/24hrs energy available) and January (52,535 calories/24hrs trout consumption and  
271,133 calories/24hrs energy available). However, in April, the gap between trout energy 
consumption (36,996 calories/24hrs) and energy carrying capacity (525,345 calories/24hrs) at 
Site #1 is significant however it shows a potential converging trend (figure 3.6a). Trout 
consumption did not exceed energy availability at Site #2 (figure 3.6b) in November (5,959 
calories/24hrs trout consumption and 100,593 calories/24hrs energy available), January 
(31,881 calories trout consumption and 174,974 calories/24hrs) and April (46,894 
calories/24hrs trout consumption and 94,524 calories/24hrs). The amount of energy available 
at Site #3 (figure 3.6c) were above trout daily energy intakes in November (109,445 
calories/24hrs trout consumption and 39,266 calories/24hrs) and April (5,879 calories/24hrs 
trout consumption and 67,368 calories/24hrs). However, in January, trout consumption (24279 
calories/24hrs) approached the carrying capacity of the site (38949 calories/24hrs). 
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Nov #1 Day  52%  14% 17% 5% 3%    
Nov #1 Night 6% 31%  16% 21% 8%     
Nov #2 Day  36% 2%  10% 34%  5%   
Nov #2 Night 5% 41%   19% 8%  12%   
Nov #3 Day 9% 17%   13% 10%   9%  
Nov #3 Night 8% 13%   16%   20% 11%  
Jan #1 Day  21% 39% 14% 12% 4%     
Jan #1 Night 17%  35% 10% 10%   12%   
Jan #2 Day  11% 23% 13% 18%  14%    
Jan #2 Night 18%   13% 23%   10% 9%  
Jan #3 Day  10% 12%  23% 14% 15%    
Jan #3 Night  18% 21% 13% 10%   7%   
Apr #1 Day   9% 25% 49% 5%  3%   
Apr #1 Night   12% 10% 22% 14%  18%   
Apr #2 Day   8% 8% 20% 32%  10%   
Apr #2 Night 8% 10% 21%   12%  32%   
Apr #3 Day 8%  9% 13% 30%   8%   
Apr #3 Night 32% 6%   13%   13%  11% 
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Hydrobiosidae 0.82 1  0.82 0.88 0.45 1 0.9 0.86 
Aoteapsyche 0.36   0.18 0.25 0.27 0.38 0.8 0.14 
Cased Caddis 0.36 1  0.36 0.75 0.55 0.46 0.7 0.36 
Deleatidium 0.91 1  0.82 0.75 0.91 0.85 0.4 0.71 
Zelandobius 0.09     0.09 0.15 0.1 0.5 
Chironomidae LA 0.73  1 0.73 1 1 0.77 0.4 0.21 
Austrosimulium LA 0.27   0.09 0.63 0.36 0.46  0.57 
Austrosimulium PU 0.09         
Other Diptera LA 0.18     0.45  0.1  
Chironomidae PU 0.09   0.18 0.25 0.09    
Diptera 0.45   0.55 0.13 0.36   0.14 
Leidoptera LA 0.18   0.18 0.5     
Hemiptera 0.27   0.27 0.13 0.09 0.08  0.07 
Hymenoptera 0.09     0.18    
Coleotera 0.09     0.18    
Coleotera LA     0.13     
Salmonidae      0.09    




















Hydrobiosidae 0.41 0.19 0.2 0.7 0.9 0.77 1 0.6 1 
Aoteapsyche 0.12  0.15 0.5 0.5 0.23 0.17 0.5 0.5 
Cased Caddis 0.41 0.13 0.1 0.7 0.6 0.46 0.83 0.9 0.17 
Deleatidium 0.76 0.56 0.4 0.5 0.9 0.46 0.83 0.6 0.83 
Zelandobius 0.18  0.25 0.1   0.17 0.4 1 
Chironomidae LA 0.76 0.56 0.9 0.9 1 0.77 0.17 0.4 0.67 
Austrosimulium LA 0.12 0.31 0.3 0.1 0.5 0.54 0.33 0.3 0.33 
Austrosimulium PU 0.06 0.06    0.15    
Other Diptera LA 0.12   0.1 0.1 0.46    
Chironomidae PU 0.24  0.1 0.5 0.6  0.33  0.5 
Diptera 0.29 0.19 0.05 0.3 0.5 0.15   0.67 
Leidoptera LA    0.2 0.4 0.23 0.17  0.17 
Hemiptera 0.35   0.2 0.1 0.08    
Hymenoptera 0.18     0.08    
Thysanoptera    0.1 0.1     
Coleotera      0.08  0.1  
Coleotera LA   0.05 0.1 0.1     









Figure 3.6 The amount of energy (calories/24hr) available in the invertebrate drift and 
estimated trout maximum daily energy demand (calories/24hr) at three sampling sites in 
November 2016, January 2017 and April 2017. The red lines represent energy from drift and 
blue areas indicate ranges between the highest and lowest values of energy availability of four 







































Overall, the results of this chapter suggest possible association between food availability and 
water temperature with trout out-migration in the Cadronda River. At Site #1, increased trout 
biomass results from immigrants increased energy consumption in January 2017. At this stage, 
food supply and water temperature supported good growth potential. However, between 
January and April 2017, energy constraints occurred, which may have triggered juvenile trout 
out-migration evidenced by greater predicted biomass than observed biomass at the site in 
April. Furthermore, increased water temperature at Site #1 decreased trout growth rate at Site 
#1 from January to April which may also play a role in driving out-migration. At Site #2, 
appropriate water temperature and ample food supply from November 2016 to April 2017 was 
able to support high growth rate and allowed the site to receive constant addition of migrants, 
evidenced by greater model prediction than observed biomass from November to April. At Site 
#3, the combined effect of unsuitable water temperature throughout the study period and food 
constraint in January can potentially lead to increased out-migration which was evidenced by 
overshooting biomass model prediction.  
 
3.6.2 The effect of water temperature on juvenile trout growth and migration 
 
3.6.2.1 Daily specific growth rate 
 
The maximum growth rate predicted by the bioenergetics model for each site for the observed 
temperature regime indicates that trout at Site #2 experienced the highest growth rate whereas 
trout at Site #3 experienced the lowest. Meanwhile, trout at Site #1 had a moderate growth rate. 
The difference in growth rates between sampling sites may due to the difference in water 
temperatures. Bioenergetics model prediction suggests water temperature regime at Site #2 
was able to support the highest growth rate while the water temperature at Site #3 was the 
least suitable for growth from November 2016 to April 2017. Water temperature at Site #1 was 
generally appropriate for trout growth; however, a brief period of desiccation significantly 







3.6.2.2 Observed trout biomass vs model prediction 
 
3.6.2.2.1 Site #1 at the Ballantyne Road bridge 
 
There is a discrepancy between observed and predicted biomass at Site #1. Comparison 
between observed biomass and predicted biomass suggests additions of migrant trout in 
January 2017 and possibly out-migration or mortality in April 2017. In January, observed total 
biomass experienced a dramatic rise at Site #1 and significantly greater than the predicted 
trout biomass in January by almost 3 times. A disconnection in surface flow observed just 
downstream of Site #1 during trout sampling in January might have restricted the downstream 
movement of trout and bottlenecked a large number of individuals at the sampled reach 
therefore resulted in high trout biomass at Site #1. Furthermore, bioenergetic model 
underestimated total trout biomass in April by around 330g. The absence these biomasses in 
April can be explained by trout out-migration which was likely triggered by low growth rate due 
to unsuitable water temperature (Shearer & Hayes, 2011). In addition, trout mortality during an 
extreme low flow between 30th March to 1st April 2017 is a potentially responsible for the 
biomass decrease. Extreme temperature in 1st April 2017 (30.2°C) very likely indicates a period 
of extreme low flow during which mortality was imminent if trout did not out-migrate. 
Unfortunately, no field work was conducted to investigate trout mortality during this period. 
Furthermore, evidence suggests that from mid- to late- April 2017, water temperature at Site 
#1 seemed to be able to support an increased growth rate despite being unfavourable for trout 
growth from late February 2017 and early April 2017. Therefore, in this case, it was not likely 
that water temperature was the limiting factor of trout growth, and hence out-migration. 
 
3.6.2.2.2 Site #2 at the Larches 
 
The comparison between model prediction and observed biomass suggests that Site #2 
received a large number of recruitments throughout the study period likely in the form of 
migrants. As observed biomass consistently exceeded predicted biomass over the study period, 
this suggests additions of migrant trout. It is possible that these migrants came from upstream, 
likely via Site #3. Furthermore, predicted daily specific growth rate via bioenergetics model 
suggested water temperature Site #2 was able to support the highest growth rate among all 







3.6.2.2.3 Site #3 near the Rodies Gully 
 
Comparison between observed biomass and model prediction at Site #3 suggests influx of 
migrants in January 2017 followed by possible out-migration in April 2017. In January, trout 
biomass shown a similar pattern to that of two downstream sites, observed total biomass at 
Site #3 exceeded model prediction. The best explanation is that the extra biomass was most 
likely resulted from trout immigration into Site #3, most likely from further upstream. In April, 
model prediction greatly overestimates observed biomass. The discrepancy between the 
predicted and observed growth can be explained by trout out-migration or mortality. 
Furthermore, predicted specific growth rate suggests water temperatures at Site #3 resulted in 
the lowest trout growth rate among three sampling sites from November 2016 to April 2017. 
Therefore, it was very likely that juvenile trout inhabit Site #3 had a high tendency of out-
migration due to low growth rate (Shearer & Hayes, 2011). Trout mortality may also result in 
the absence of biomass in April, however, due to the relatively stable flow and artificial 
disturbance, it is not likely mortality is responsible. 
 
3.6.3 What about food? 
 
Temperature-based bioenergetics modelling revealed a possible association between reduced 
trout growth rate due to unfavourable water temperatures and juvenile out-migration. However, 
it should be emphasized that the predictions of this bioenergetics model are based on 
maximum prey consumption, therefore energy availability was excluded from the growth rate 
estimates (Elliott et al., 1995). However, the energy available from drift has long been 
speculated to have strong association with the out-migration of salmonids (Hayes & 
Young ,2001, Kendall et al., 2015). When energy availability limits trout growth potential, some 
individuals may out-migrate to habitats with favourable water temperature and higher food 
availability (Shearer & Hayes, 2011). Therefore, it is very likely that food availability also 
contributed to trout population dynamics in the Cardrona River. Whether or not food availability 
was responsible for shaping trout population dynamics in the Cardrona River will be discussed 









3.6.4 The effect of food availability on trout growth and out-migration  
 
3.6.4.1 Biomass of invertebrate drift 
 
Site #1 had the most abundant food supply, followed by Site #2 and #3 (Table 3.2). Invertebrate 
biomass in the Cardrona River exhibited a difference between day and night, similar to that 
observed in numerous other temperate rivers (Brittain & Eikeland, 1988). Mean invertebrate 
drift biomass is higher at night than at day. Furthermore, drift biomass shown an increase 
tendency at Site #1. Similarly, increased invertebrate drift during summer was reported in other 
river (Shaw & Minshall, 1980, Williams, 1980). In the case of this study, one possible 
explanation is that, during low flow in January, decreased discharge could result in increased 
drift density via decreased dilution effect from flow reduction and/or increased active entry of 
macroinvertebrates into the water column (Canton et al., 1984, Hayes & Young, 2001). 
Invertebrate biomass at Site #2 and Site #3 varied with seasons however dramatic seasonal 
change in invertebrate biomass was not seen at Site #1. 
 
3.6.4.2 Invertebrate drift composition vs. stomach content 
 
The taxonomic composition of prey found in trout stomach largely mirrored that of invertebrate 
drift. In addition, thrip Thysanoptera, a small terrestrial insect was abundant in drift at Site #1 
in November, Site #2 and Site #3 in January however it did not show similar dominance in fish 
stomach. It is likely that due to their small body size, thrips are more difficult to detect by visual-
based drift foraging and/or have low energy return (Allan 1981; Dodrill et al. 2016) thus they 
were mostly ignored by trout. EPT invertebrate (Ephemeroptera, Plecoptera and Trichoptera) 
larvae, Diptera larvae, pupa and adult and were the most abundant in the drift as well as the 
most frequently consumed taxa by trout. Only invertebrate taxa that were present both in drift 
and in fish stomach were included in bioenergetics modelling. 
 
3.6.4.3 Site #1 at the Ballantyne Road Bridge 
 
Energy availability at Site #1 could generally supply its trout population from November 2016 
to April 2017. In January, the gap between trout consumption and energy availability widen, 
suggested increased energy productivity at Site #1 in summer. Increased invertebrate drift in 
summer was commonly observed in temperate freshwaters (Shaw & Minshall, 1980, Williams, 
1980). Increased trout energy consumption in January reflects the excess predicted biomass 
via temperature-based bioenergetics model in comparison to observed biomass in January 
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which signals an influx of migrant trout. Furthermore, due to restricted downstream access of 
out-migrating trout at the site in January, trout increased in abundance and subsequently daily 
energy consumption. In April, the energy content of drift decreased and so did trout energy 
consumption. Reduced trout energy consumption in April reflected the discrepancy between 
observed total biomass and bioenergetics model prediction in April when trout at Site #1 
potential out-migrated or died following a period of extreme low flow.  
 
3.6.4.4 Site #2 at the Larches 
 
Energy productivity at Site #2 was sufficient for its trout population. Energy availability of the 
site well exceeded trout daily consumption throughout the study period. Energy content from 
invertebrate drift increased from November to January and then dropped from January to April, 
similar to that of Site #1. However, unlikely Site #1, a dramatic increase in trout consumption 
was not seen at Site #2. Instead, daily consumption increased steadily from November to April, 
signaled constant addition of migrants. This is evidenced by consistently greater predicted 
biomass in comparison to observed biomass from November to April at Site #2 which indicates 
trout movement into the site from November to April. It is worth noting that the increasing trend 
of trout daily consumption became smoother from January to April than from November to April. 
This was likely due to increased trout out-migration and/or decreased number of immigrants in 
response to decreasing energy availability from January to April. Lastly, the trendlines of energy 
availability and consumption shown a converging trend from January to April. While energy 
productivity at Site #2 increased in the summer, a similar degree of increase was not expected 
in late autumn and winter, when invertebrate drift usually decreases in temperate lotic 
freshwater systems (Shaw & Minshall, 1980, Williams, 1980, Hieber, Robinson & Uehlinger, 
2003). Therefore, trout daily consumption might come close or exceed energy carrying capacity 
of Site #2 in the following months which could lead to out-migration. Unfortunately, late autumn 
and winter were not covered by this study.  
 
3.6.4.5 Site #3 near the Rodies Gully 
 
Site #3 was the least productive of three sites and shown potential food restraint in January. 
Unlike Site #1 and #2, energy availability at Site #3 did not experience an increase in summer, 
in contrary, and the energy available in the invertebrate drift declined in January. The energy 
available in the invertebrate drift and the estimated maximum trout energy demand converged 
from November to January and then diverged from January to April. This decline in trout 
biomass and energetic demand suggests downstream migration of juvenile trout upstream of 
Site #3, following a period of energy limitation in January. Increased trout energy consumption 
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in January and decrease consumption in April are consistent with how model prediction and 
observed biomass compared in January and April at Site #3. In January, model prediction 
overestimates observed biomass suggesting additions of migrants that result in increased 
energy consumption. In April, model prediction underestimates observed biomass indicating 


































Chapter 4: Discussion and conclusion 
 
 
4.1 Overall summary 
 
4.1.1 Juvenile trout migration within the Cardrona River 
 
Changes in discrepancies between predicted and observed growth in this study outlined the 
out-migration pattern of juvenile brown and rainbow trout in the Cardrona River mainstem. 
And identified water temperature and food availability as potential drivers of such movement. 
As implied by the difference between temperature-based bioenergetics model prediction and 
observed biomass, from spring 2016 to autumn 2017, trout potentially migrated downstream 
from Site #3 from January, via Site #2 and eventually out-migrated from Site #1 in April. 
However, trout out-migration from Site #1 could occur earlier without the disruption from a low 
flow event in January during which trout downstream access was blocked. Furthermore, an 
extreme low flow event occurred from 30th March to 2nd April likely resulted in extensive 
dewatering at Site #1 which would no doubt largely, if not completely halt trout out-migration 
and would very likely cause increased trout mortality at the site. During this period, high trout 
mortality was also expected. Whereas Site #2 and Site #3 were mostly free from the impact 
of summer low flow. It should be noted that low flow event occurs later and in lesser scale 
compares to previous years when the main stem near the Ballantyne bridge dried up 
completely from December to March (ORC, 2007, Dale & Rekker 2011, Olsen, 2016).  
 
4.1.2 Factors contribute to out-migration  
 
In this study, water temperature and food availability were identified as two environmental 
factors which may influence juvenile trout out-migration in the Cardrona River. Both factors 
trigger out-migration that may provide a buffer when habitat conditions become unfavourable 
(Benjamin et al., 2012), in order to limit the population within the carrying capacity of the 
habitat. At Site #1, water temperature could support moderate growth rate and food availability 
was adequate its trout population from November to January. During this time, migrants from 
upstream constantly moved into the site but due to a surface flow disconnection, large number 
of juvenile trout were stranded (evidenced by increased relative abundance and trout total 
biomass at the site in January). Between January and April, a low flow event caused the water 
temperature to temporally exceed trout lethal thermal limit and food availability decreased and 
therefore trout out-migrated or died. Site #2 had the most appropriate water temperature and 
sufficient food supply for trout growth, therefore had a constant influx of immigrants from 
59 
 
upstream seeking suitable habitats. At Site #3, water temperature supported the lowest growth 
rate and food availability might not be able to satisfy trout consumption. Despite this, Site #3 
had an influx of migrant trout between November and January which pushed daily 
consumption level close energy carrying capacity of the site, and subsequently led to 
presumed out-migration between January and April.  
 
Furthermore, population density might also contribute to trout out-migration. High trout relative 
abundance at Site #3 could further reduce their growth potential by introducing scramble 
competition. In which case, larger trout would out-migrate as shown by a reduction in mean 
fork length of both brown and rainbow trout from January to April. However, the extent of the 
effect was investigated in this study. 
 
4.2 Why is the Cardrona River important? 
 
The Cardrona River supports a variety of introduced and native freshwater fish species which 
grant the river both economical and conservation values. However, under the current 
management, the lower Cardrona River receives the most negative impact, whereas the 
middle and upper courses are relatively unaffected. Summer low flow, which often result in 
drought, renders the lower Cardrona uninhabitable for fish (Poff et al, 1997, Baron et al, 2002, 
Poff & Zimmerman, 2010). As an important spawning spot for the Upper Clutha trout fishery, 
drought at the lower Cardrona can disrupt, if not completely halt juvenile out-migration and 
therefore jeopardize recruitment downstream. Apart from Salmonidae, few other fish species 
were caught or spotted at Site #1, including two native fish species, upland bully (figure 5.1) 
and Clutha flathead galaxis, a potentially taxonomically distinct species that was classified as 
“National Critical” (Goodman et al., 2013). Although these two species are thought to be more 
resilient to summer low flow than trout, a prolonged absence of surface flow at the lower 
Cardrona will eventually result in high mortality (Young et al., 2013, Olsen, 2016).  
 
The rest of the Cardrona River is not completely free from the effect of summer low flow the 
impact of which can extend to the nearby communities. According to the recent warning issued 
by ORC in 25th October 2017, lack of sufficient flow in the summer led to an increased 
presence of potentially toxic algae Phormidium in the Cardrona River near Mt Barker (Site #2). 
The algae are naturally-occurring (Olsen, 2016) that can pose a health risk to human and are 
potentially lethal to dogs (ORC, 2017). This report emphasized the important relationship 
between the ecological integrity of the rivers and the wellbeing of freshwater fish communities. 
Fortunately, with past regulations soon to expire, the implementation of minimum flow regime 




Figure 4.1 A upland bully hiding in gravels at Site #1. Picture was taken in November 2016 
 
4.3 Recommendations for future studies 
 
This study provided further evidence that water temperature and food availability are the two 
potential drivers of trout out-migration. But there are still questions unanswered. First of all, 
unlike Site #1 and Site #3, no sign of trout out-migration was shown at Site #2 over the study 
period, instead trout consistently migrate into Site #2 over the study period. As total trout 
biomass in the habitat increases and energy consumption grows, therefore the energy 
carrying capacity at would eventually lead to food constraint and then out-migration in later 
months. It is highly advisable for future studies aiming to understand trout population dynamics 
of the Cardrona River to investigate juvenile trout near Site #2 in late autumn and/or early 
winter. Secondly, population density has a potential to indirectly affect trout out-migration. In 
this study, high trout abundance in the upper Cardrona might further limit the already low food 
availability therefore increases out-migration tendency. However, this mechanism was not 
investigated in details in this study. To achieve a good understanding of what drives trout out-
migration, the relationship between population density and out-migration should also be 
researched.  
 
Finally, the results of this study implied that, under the present water management plan, 
juvenile trout at the lower Cardrona River may experience restricted movement and/or 
increased mortality over the summer months. Since passage to the lower Cardrona is 
important for trout migration to the Clutha River over the summer, maintaining a good level of 
continuous flow at the lower reach is crucial if downstream migrants are to reach the Clutha 
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